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Introduction: 

The  molecular  basis  of  breast  cancer  is  rapidly  being  defined.  Genetic  analyses  of  large 
affected  kindreds  have  identified  deleterious  mutations  in  at  least  three  to  five  genes  (i.e.  BRCA1, 
BRCA2,  TP53,  CHK2,  and  PTEN)  that  confer  inherited  susceptibility  to  breast  cancer.  Although 
mutations  in  the  genetic  code  of  these  genes  explains  the  molecular  anatomy  of  hereditary  breast 
cancers,  little  is  known  about  the  molecular  genetics  of  sporadic  forms  of  the  disease.  Although  well- 
defined  genetic  mutations  in  tumor  suppressor  genes  and  oncogenes  firmly  establishes  a  causative  role 
for  the  effected  gene  during  pathogenesis,  a  frenzy  of  studies  have  revealed  additional  mechanisms  that 
contribute  to  oncogenic  conversion,  including  epigenetic  changes  in  regulation  of  gene  expression.  A 
plethora  of  biochemical  data  is  pointing  to  DNA-packaging  proteins  as  the  key  regulators  of  epigenetic 
controlled  expression  or  silencing  of  the  genetic  code.  Distinct  post-translational  modifications  of  the 
NH3 -terminal  tails  of  the  core  histone  proteins  can  generate  synergistic  or  antagonistic  interaction 
affinities  for  non-histone  chromosomal  proteins  that  in  turn  dictate  the  dynamic  transitions  between 
transcriptionally  active  or  silent  chromatin  states.  It  is  the  combinatorial  nature  of  this  developing 
“histone  code”  that  may  considerably  extend  the  information  potential  of  our  DNA.  It  is  postulated 
that  this  epigenetic  marking  system  represents  a  fundamental  regulatory  system  that  will  impact  nearly 
all  chromatin-templated  processes,  with  global  consequences  observed  in  cell-fate  decisions  in  both 
normal  and  pathological  development.  An  increasing  number  of  reports  describe  oncogenic  mutations 
in  the  molecular  machinery  responsible  for  maintaining  chromatin  structure,  further  emphasizing  the 
importance  of  chromatin  in  regulation  of  transcription  and  genome  stability  during  tumorigenesis  (1). 

The  research  focus  during  the  final  year  of  this  fellowship  continued  to  address  specific 
structural  and  biochemical  questions  about  mechanisms  of  transcriptional  repression  conferred  by  the 
KRAB  domain  zinc  finger  protein  superfamily  of  sequence  specific  transcription  factors.  These 
studies  are  particularly  relevant  to  breast  cancer  research  in  several  ways.  First,  The  BRCA1- 
associated  protein  ZBRK1  is  a  member  of  the  KRAB  domain-zinc-finger  protein  (ZFP)  family  (12). 
This  association  implies  a  role  for  the  KRAB:KAP-1  repression  system  in  BRCA-mediated 
transcription  responses.  Second,  the  expression  of  HP  la,  a  non-histone  chromosomal  protein,  has 
been  shown  to  be  significantly  down  regulated  in  breast  cancer  cells  that  acquire  a  more  aggressive 
metastatic  phenotype  (4).  We  have  previously  shown  that  KAP-1  directly  interacts  with  the  HP1 
family  of  proteins.  Furthermore,  during  the  support  period  of  this  award  I  biochemically  purified  a 
macromolecular  complex  that  implicates  HP1  in  replication-dependent  maintenance  of 
heterochromatin.  We  postulate  that  loss  of  HPla  expression  results  in  either  activation  of  pro¬ 
metastasis  genes  or  global  chromosomal  instabilities.  Finally,  recent  studies  have  demonstrated 
differential  programs  of  gene  expression  during  malignant  breast  cancer  progression  that  correlate  with 
tumor  stage  and  clinical  outcomes  (11).  Profiling  gene  expression  in  breast  tumors  may  assist 
molecular  diagnosis,  determine  therapeutic  regimens,  and  predict  patient  survival.  Thus,  once  basic 
mechanisms  of  transcription  regulation  in  chromatin  are  defined,  new  and  innovative  approaches,  both 
genetic  and  pharmocologic,  can  be  designed  to  reverse  aberrant,  gene  expression  profiles  involved  in 
cancer  phenotype.  I  believe  the  findings  of  this  research  will  have  broad  implication  in  many  scientific 
disciplines,  including  transcriptional  regulation,  structural  biology,  chromatin  structure/function, 
development,  and  cancer  biology. 
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The  KRAB  (Kruppel  Associated  Box)  domain  is  one  example  of  an  abundant  amino  acid 
sequence  motif  found  at  the  NH2-terminus  of  240  independent  Kruppel/TFIIIA  type  C2H2  zinc  finger 
proteins.  This  highly  conserved  domain  displays  potent,  DNA-binding  dependent  repression  of 
transcription  that  requires  a  unique  corepressor  protein,  KAP-1(3,  5).  Structurally,  KAP-1  possesses 
consensus  amino  acid  sequences  for  a  RING  finger,  B-boxes,  leucine  zipper  Coiled-Coil  region,  PHD 
finger,  and  bromodomain.  Biochemical  studies  of  KAP-1  indicate  that  the  tripartite  RBCC  region 
functions  as  an  integrated  structural  unit  that  is  necessary  and  sufficient  for  KAP-1  oligomerization  and 
KRAB  recognition  (6,  7).  During  the  support  period  of  this  fellowship,  amino  acid  sequences  carboxy- 
terminal  to  the  RBCC  domain  were  dissected  into  at  least  two  non-overlapping  repression  domains. 
The  first  of  these  domains  is  defined  by  amino  acids  that  facilitate  a  direct  interaction  between  KAP-1 
and  mammalian  members  of  the  non-histone  chromosomal  protein,  heterochromatin  protein  1  (HP1). 
Mutations  within  a  core  pentapeptide  sequence  within  KAP-1  (PxVxL)  disrupt  this  interaction  in  vitro 
and  reduce  the  overall  efficiency  of  KAP-1  to  repress  transcription  when  tethered  to  DNA  templates  in 
vivo.  Immuno-localization  studies  in  interphase  nuclei  of  NIH/3T3  cells  revealed  that  KAP-1  staining 
is  almost  exclusively  nuclear,  excluded  from  nucleoli,  and  concentrated  in  islands  of  condensed  DNA 
consistent  with  pericentromeric  heterochromatin.  Dual  staining  immunofluoresence  studies  revealed 
that  endogenous  KAP-1  colocalized  with  both  heterochromatic  and  euchromatic  HP1  proteins  in 
interphase  nuclei.  From  these  data,  we  postulated  that  gene-specific  repression  by  the  KRAB- 
ZFP/KAP-1  complex  in  part  may  be  a  consequence  of  the  formation  and/or  maintenance  of 
heterochromatin-like  chromosomal  environments  (9). 

The  KAP-1  PHD  finger  and  bromodomain  define  a  separate  transcriptional  repression  activity. 
This  tandem  arrangement  of  motifs  is  frequently  observed  in  transcriptional  cofactor  proteins,  but 
functionally  remains  to  be  fully  defined.  I  have  shown  that  the  PHD  finger  and  bromodomain  of  KAP- 
1  form  a  cooperative  unit  that  is  required  for  the  optimal  transcriptional  repression  properties  of  KAP- 
1.  As  an  independent  strategy  to  gain  some  insights  to  the  biochemical  function  of  the  PHD  finger,  we 
have  determined  the  first  three-dimensional  structure  of  the  minimal  PHD  finger  of  KAP-1  by  NMR 
methods.  Our  studies  revealed  that  the  PHD  domain  from  the  KAP-1  corepressor  binds  zinc  in  a  cross¬ 
brace  topology  between  anti-parallel  (3-strands  reminiscent  of  RING  domains,  suggesting  a  potential 
role  in  proteimprotein  interactions  (2).  Substitution  of  highly  related  PHD  fingers  or  bromodomains 
failed  to  restore  repression  activity,  suggesting  high  specificity  in  their  cooperative  function. 
Moreover,  single  amino  acid  substitutions  in  either  the  bromodomain  or  PHD  finger,  including  ones 
that  mimic  disease-causing  mutations  in  the  hATRX  PHD  finger  abolish  repression.  These  data  are 
consistent  with  this  bipartite  domain  providing  a  specific  interface  for  protein-protein  interactions.  A 
search  for  effectors  of  this  repression  function  identified  an  interaction  with  a  unique  isoform  of  the 
Mi-2a  protein,  an  integral  component  of  the  histone  deacetylase  complex/chromatin  remodelling 
complex  NuRD.  Endogenous  KAP-1  is  associated  with  Mi-2a  and  other  components  of  NuRD,  and 
this  in  vivo  association  requires  the  PHD  finger  and  bromodomain  of  KAP-1.  Furthermore,  I 
demonstrated  that  KAP-1  mediated  silencing  in  vivo  requires  association  with  NuRD  and  HD  AC 
activity.  These  data  suggest  the  KRAB-ZFP  superfamily  of  repressors  functions  to  target  the  histone 
deacetylase  and  chromatin  remodeling  activities  of  the  NuRD  complex  to  specific  gene  promoters  in 
vivo  (10). 

In  the  same  two-hybrid  screen  that  identified  Mi-2a  as  an  effector  of  the  KAP-1 
PHD/bromodomain  repression,  an  additional  interacting  protein  was  identified  whose  primary  amino 
acid  sequence  revealed  the  presence  of  a  SET  domain,  another  conserved  amino  acid  motif  found  in 
many  proteins  with  roles  in  the  regulation  of  chromatin  structure.  I  have  subsequently  named  this 
protein  KIS1  for  KAP-1  Interacting  SET  protein- 1.  Proteins  that  possess  the  SET  domain  homology 
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have  been  shown  to  possess  intrinsic  histone  methyltransferase  (HMTase)  activity  (8).  To  test  whether 
KIS1  possessed  HMTase  activity  similar  to  its  related  family  members,  I  expressed  and  purified  a 
recombinant  GST-KIS1  fusion  protein  encoding  for  the  entire  putative  catalytic  domain.  Unlike  other 
SET  domain  proteins,  the  recombinant  KIS1  protein  failed  to  demonstrate  any  appreciable  methylase 
activity  towards  a  core  histone  substrate.  From  this  observation,  I  postulated  that  KIS1  may  require 
some  post-translational  modification  or  cellular  cofactor  in  order  to  function  as  a  histone  methylase. 
Therefore,  I  generated  a  FLAG-epitope  tagged  mammalian  expression  vector.  Peptide  eluates  of  anti- 
FLAG  immunopurified  KIS1  from  transiently  transfected  HEK293  cells  revealed  a  dose-dependent 
histone  H3-specific  methyltransferase  activity  for  both  a  core  histone  substrate  and  mononucleosomes. 
A  partial  deletion  of  the  SET  domain  or  synthetic  amino  acid  substitutions  of  highly  conserved 
residues  in  the  SET  domain  significantly  effect  this  enzymatic  activity,  whereas  a  deletion  of  the 
putative  KID  (KAP-1  Interaction  Domain)  domain  had  no  effect.  Thus,  similar  to  other  members  of  the 
SET  domain  family  of  histone  methyltransferases,  KIS1  requires  the  SET  domain  for  methylase 
activity. 

To  confirm  the  specificity  of  the  observed  enzymatic  activity  for  histone  H3  and  the  specific 
site  of  methylation,  I  used  purified  recombinant  GST-histone  tail  proteins  as  substrates  in  the 
methylase  assay.  These  experiments  confirmed  that  KIS1  is  a  histone  H3  specific  methyltransferase. 
This  methylation  event  absolutely  requires  lysine-9  of  histone  H3,  as  a  substrate  possessing  an  arginine 
substitution  of  lysine-9  (GST-K4R)  in  the  context  where  the  remaining  amino  acids  represent  the  wild- 
type  histone  H3  tail  failed  to  be  methylated  by  KIS1.  Moreover,  this  observation  indicates  that 
additional  post-translational  modifications  (i.e.  acetylation,  phosphorylation)  of  the  substrate  are  not 
required  for  the  activity  of  KIS1  for  Lys  9  of  histone  H3.  Methylation  of  an  unmodified  histone  H3 
tail  by  KIS1  increased  the  affinity  of  HPla  for  the  NH3-terminal  tail  of  histone  H3.  This  binding  of 
HPla  to  the  H3  tail  depends  on  the  integrity  of  the  chromodomain  of  the  HP1  proteins,  as  a  specific 
mutation  (V21M)  in  this  domain  disrupts  the  binding  activity.  Interestingly,  a  mutation  in  the 
chromoshadow  domain  that  effects  the  dimerization  (I165K)  of  HP1  also  impaired  the  HPl:histone 
interaction. 

Since  KIS1  is  fully  capable  of  methylating  an  unmodified  histone  H3, 1  tested  whether  other 
post-translational  modifications  (i.e.  acetylation,  methylation,  and  phosphorylation)  of  histone  H3 
effect  the  KIS1  methylase  activity.  For  these  assays  a  panel  of  peptide  possessing  either  an  individual 
or  a  combination  of  modifications  were  used  as  substrates.  KIS1  robustly  methylated  the  unmodified 
H3  substrate,  but  not  the  H4  peptide.  As  expected,  methylation  or  acetylation  of  lysine  9  inhibited  the 
methylation  of  the  substrate.  Phosphorylation  of  serine  10  also  dramatically  effected  the  methylation 
of  the  substrate.  Furthermore,  a  substrate  acetylated  at  lysine  14  was  methylated  by  KIS1,  albeit  to  a 
much  lesser  extent  than  the  unmodified.  These  observations  are  quite  similar  to  that  previously 
observed  for  the  related  lysine  9  specific  histone  H3  methltransferase  SUV39H1,  indicating  that  these 
proteins  likely  recognize  the  substrate  in  a  similar  fashion  and  possess  a  similar  catalytic  mechanism. 
Thus,  I  conclude  that  in  vivo  the  ability  of  KIS1  to  methylate  histones  within  a  target  locus  will  likely 
require  coordination  with  deacetylase  complexes  and  putative  histone  phosphatases.  Consistent  with 
this  hypothesis,  pretreatment  of  calf  thymus  histones  with  the  histone  deacetylase  complex  NuRD 
significantly  enhanced  KIS1 -mediated  methylation  of  the  substrate. 

To  confirm  that  endogenous  KIS1  possesses  methylase  activity  we  derived  monoclonal  and 
polyclonal  antibodies.  Using  polyclonal  antisera  against  KIS1,  I  could  efficiently  immunodeplete 
nearly  all  the  histone  H3  methylase  activity  from  a  partially  purified  nuclear  extract.  Moreover,  the 
pellet  of  the  KIS1  immunoprecipitates  retained  a  strong  histone  H3  activity.  These  observations 


6 


David  C.  Schultz,  Ph.  D. 


strongly  suggest  that  KIS1  represents  an  abundant  histone  H3  methyltransferase  in  vivo.  Indirect 
immunofluoresence  staining  of  asynchronous  populations  of  NIH/3T3  cells  with  both  the  monoclonal 
and  polyclonal  antibodies  revealed  that  KIS1  is  ubiquitously  localized  throughout  the  nucleoplasm, 
excluded  from  the  nucleoli,  and  sometimes  observed  as  aggregates  in  interphase  nuclei.  The  apparent 
euchromatic  staining  patterns  for  KIS1,  suggest  that  lysine-9  methylation  by  KIS1  in  euchromatic 
regions  of  the  nucleus  likely  facilitates  transcriptional  repression  by  recruiting  HP1  to  create  localized 
heterochromatin  environments.  To  test  this  hypothesis,  I  used  a  series  of  chromatin 
immunoprecipitations  (CHIP)  to  evaluate  the  role  of  KIS1,  lysine-9  methylation,  and  HP1  in  the 
repression  of  an  endogenous  transgene  regulated  by  the  KRAB:KAP-1  repression  system.  These  CHIP 
experiments  revealed  co-localization  of  KAP-1,  KIS1,  and  HP1  along  with  increased  H3  lysine-9 
methylation  in  chromatin  of  the  endogenous,  euchromatic  transgene  that  is  stably  silenced.  The 
combination  of  these  data  indicates  that  KAP-1  functions  as  a  corepressor/scaffold  protein  that 
coordinates  the  recruitment  of  HDAC  complexes,  histone  methylases,  and  the  deposition  of  HP1 
proteins  at  a  euchromatic  locus  to  silence  gene  expression  in  a  manner  consistent  with  epigenetic 
regulation.  A  manuscript  describing  these  summarized  results  is  currently  being  prepared  for 
submission  to  Science  or  Cell. 

In  an  independent  set  of  experiments,  I  designed  a  biochemical  strategy  to  define  new  functions 
for  the  HP1  family  of  proteins.  The  rationale  for  these  studies  stems  from  an  observation  that  steady 
state  levels  of  HPla  are  significantly  reduced  in  aggressive,  metastatic  breast  carcinoma  cell  lines  (4). 
This  observation  suggested  that  an  imbalance  in  HPI-mediated  nuclear  functions  is  compromised 
during  the  metastatic  transition.  To  date  the  functions  of  the  HP1  protein  family  have  been  defined  by 
genetics,  cytology,  and  the  protein  partners  that  directly  associate  with  the  chromoshadow  domain, 
including  KAP-1,  SP100,  LBR,  ATRX,  and  CAF1.  In  order  to  identify  novel  functions  of  the  HP1 
proteins,  I  have  derived  and  characterized  monoclonal  antibodies  specific  to  isoforms  of  the  HP1 
protein  family  that  represent  both  heterochromatic  (HPla)  and  euchromatic  (HPlY)During 
biochemical  fractionations  of  nuclear  extract,  I  specifically  found  that  HPla  stably  copurifies  as  a 
core  component  of  a  novel  four-subunit  protein  complex  of  the  DNA  replication  dependent  chromatin 
assembly  factor,  CAF1.  Conventional  chromatography  approaches  revealed  that  these  four  subunits 
perfectly  co-elute  as  a  1.5  MDa  complex.  Although  this  purified  complex  exclusively  contained 
HPla,  I  was  able  demonstrate  that  CAF1  subunits  may  also  associate  with  HPly,  albeit  to  a  lesser 
extent.  Chromatin  immunoprecipitation  experiments  are  revealing  a  very  tight  co-localization  of  the 
CAF1  subunits  with  HPla  globally  in  an  extended  array  of  chromatin.  These  data  suggest  that  the 
stable  association  of  HP1  with  CAF1  implicates  a  role  for  DNA  replication  dependent  chromatin 
assembly  in  maintaining  heritable  states  of  chromatin  structure.  Thus,  one  hypothesis  is  that  down 
regulation  of  HPla  expression  during  metastatic  conversion  leads  to  global  alterations  in  chromatin 
structure,  in  particular  the  activation  of  genes  that  contribute  to  the  metastatic  phenotype  which  are  not 
normally  repressed.  Future  experiments,  including  cDNA  microarray,  could  be  designed  to  identify 
sets  of  genes  regulated  by  HPla,  that  may  be  responsible  for  the  cellular  phenotype.  These  data  are 
also  being  prepared  for  submission  to  a  journal  that  remains  to  be  determined  at  this  time. 
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Key  research  accomplishments 

•  Described  targeting  of  the  Histone  Deacetylase  Complex  via  KRAB-Zinc  Finger  Proteins:  The 
PHD  and  Bromodomains  of  KAP-1  form  a  Cooperative  Repression  Domain  that  Recruits  the  Mi- 
2a  Subunit  of  the  NuRD  complex. 

•  Solved  the  first  solution  structure  of  the  KAP-1  PHD  finger. 

•  Identified  an  interaction  between  KAP-1  and  KIS 1,  a  novel  histone  H3,  Lys-9  specific  histone 
methyltransferase. 

•  Extensively  characterized  the  enzymatic  activity  of  KIS  1 . 

•  Demonstrated  the  colocalization  of  KAP-1,  KIS1,  and  HP1  with  an  increase  in  histone  H3,  Lysine- 
9  methylation  in  chromatin  of  an  endogenous  gene  regulated  by  the  KRAB-ZFP:KAP-1  repression 
system. 

•  Biochemically  purified  a  core  4  subunit  complex  containing  HPla  and  the  Chromatin  Assembly 
Factor  (HP-CAF) 


Reportable  Outcomes: 

Publications 

Capili  AD,  Schultz  DC*,  Rauscher  III  FJ,  Borden  KLB.  Solution  Structure  Of  The  PHD  Domain 
From  The  KAP-1  Corepressor:  Structural  Determinants  For  PHD,  RING,  And  LIM  Zinc-Binding 
Domains.  EMBO  Journal,  20:  165-177(2001). 

Schultz  DC,  Friedman  JR,  Rauscher  III  FJ.  Targeting  Histone  Deacetylase  Complexes  Via  KRAB- 
Zinc  Finger  Proteins:  The  PHD  And  Bromodomains  Of  KAP-1  Form  A  Cooperative  Unit  That 
Recruits  A  Novel  Isoform  Of  The  Mi-2a  Subunit  Of  NuRD.  Genes  and  Development,  15:  428-443 
(2001). 

*  Indicates  that  author  should  be  considered  an  equal  contributor. 


Manuscripts 

Rauscher  III  FJ,  Jensen  DE,  Patel  G,  Fredericks  WJ,  Schultz  DC,  Proctor  M,  Sekido  Y,  Minna  J, 
Chernova  TA,  Wilkinson  KD,  Avrutskaya  AV,  Leadon  SA.  BRCA1 -Associated  Ubiquitin  Hydrolase 
Required  for  Transcription-Coupled  Repair  of  Oxidative  DNA  Damge.  (Submitted,  2001). 

Schultz  DC,  Ayyanathan  K,  Rauscher  III  FJ.  The  KRAB-ZFP:KAP1  Repression  System  Targets 
Histone  H3-K9  Methylation  by  SETDB1  and  HP1  recruitment  to  Stably  Silence  Transcription  of 
Endogenous,  Euchromatic  Promoters.  (In  preparation) 
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Schultz  DC,  Lechner  MS,  Bochar  D,  Rauscher  III  FJ,  Shiekhattar  R.  Biochemical  Purification  of  a 
HPla  Protein  Complex  implications  for  DNA  Replication  Dependent  Maintenance  of 
Heterochromatin.  (In  preparation) 

Grants 

NIH-1K01CA94047-01  (Howard  Temin  Award)  “Functions  of  a  novel  SET  protein  in  KRAB:KAP1 
repression”  (Submitted  2/1/01) 


Abstracts 

SchultzDC,  Capili  AD,  Borden KLB,  Rauscher  III  FJ.  The  KRAB-ZFP:KAP-1  Repression  System 
Recruits  the  Histone  Deacetylase  Complex,  NuRD,  via  an  Interaction  Between  the  PHD  and 
Bromodomains  of  KAP1  and  the  Mi-2  Subunit.  (Kestone  Symposia-“Mechanisms  of  Eukaryotic 
Transcriptional  Regulation,”  Santa  Fe,  NM,  February  2001). 

SchultzDC,  Ayyanathan  K,  Rauscher  III  FJ.  SETDB1:  A  novel  SET  domain  protein  that  contains 
histone  H3-lysine  9  specific  methylase  activity,  and  recruits  HP1  to  endogenous,  euchromatic  targets. 
(Submitted, Kestone  Symposia-“Epigenetics  in  Development  and  Disease,”  Taos,  NM,  February  2002). 

SchultzDC,  Ayyanathan  K,  Rauscher  III  FJ.  SETDB1:  A  new  SET  domain  protein  with  histone  H3, 
lysine-9-specific  methyltransferase  activity  that  contributes  to  silencing  endogenous,  euchromatic 
genes  by  recruiting  HP1.  (Submitted,  2002  AACR  Annual  meeting-SanFrancisco,  CA,  April  2002). 


Invited  Interviews 

Iowa  State  University,  Department  of  Biochemistry  and  Molecular  Biology.  Ames,  IA.  2/16/01 
LSU-Shreveport,  Department  of  Biochemistry.  Shreveport,  LA.  2/22/01 
Tulane  University  Medical  School,  Department  of  Pharmacology.  New  Orleans,  LA.  3/9/01 
MCP/Hahnemann,  Department  of  Biochemistry.  Philadelphia,  PA.  3/15/01 
Case  Western  Reserve  University,  Department  of  Pharmacology.  Cleveland,  OH.  3/19/01 
UMDNJ,  Department  of  Biochemistry.  Newark,  NJ.  3/26/01 
University  of  Michigan,  Department  of  Human  Genetics.  Ann  Arbor,  MI.  3/30/01 
Florida  International  University,  Department  of  Biological  Sciences.  Miami,  FL.  5/7/01 
Roswell  Park  Cancer  Institute,  Department  of  Cancer  Genetics.  Buffalo,  NY.  5/16/01 
St.  Jude’s  Childrens  Hospital,  Department  of  Biochemistry,  Memphis,  TN.  5/22/01 
Northwestern  School  of  Medicine,  Department  of  Molecular  Pharmacology  and  Biological  Chemistry. 
Chicago,  EL.  6/14/01 

Conclusions: 

The  goal  of  this  research  fellowship  was  to  further  broaden  my  training  in  molecular 
biology/biochemistry  with  a  particular  focus  on  understanding  the  biochemical  functions  of  novel  gene 
products,  which  may  have  a  role  in  the  etiology  of  human  disease.  The  findings  of  the  current  research 
have  greatly  fostered  the  development  of  a  new  research  program,  addressing  the  role  of  epigenetic 
regulation  of  gene  expression  in  breast  cancer,  which  I  will  pursue  as  an  independent  investigator.  I 
have  made  sixty-five  applications  for  a  tenure-track  faculty  position  as  an  assistant  professor.  I  had 
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eleven  independent  interviews  from  this  application  process  and  was  formally  offered  a  tenure-track 
faculty  position  from  6  different  academic  institutions.  I  have  formally  accepted  a  position  in  the 
Department  of  Pharmacology  at  the  Case  Western  Reserve  School  of  Medicine.  The  long-range  goal 
of  this  lab  will  be  to  understand  mechanisms  epigenetic  gene  regulation  during  both  normal 
development  and  pathogenesis.  The  immediate  focus  will  continue  to  use  both  genetic  and 
biochemical  approaches  to  evaluate  the  role  of  chromatin  modifying  machinery  in  epigenetic  gene 
regulation.  The  rationale  for  this  research  is  that  once  the  mechanics  of  transcriptional  repression  of 
gene  promoters  at  the  chromatin  level  is  known,  new  and  innovative  approaches,  both  genetic  and 
pharmacologic,  can  be  designed  to  reverse  aberrant,  gene  expression  in  breast  cancers. 

References: 

1.  Cairns,  B.  R.  2001.  Emerging  roles  for  chromatin  remodeling  in  cancer  biology  Trends  Cell 
Biol.  11:S15-21. 

2.  Capili,  A.  D.,  D.  C.  Schultz,  I.  F.  Rauscher,  and  K.  L.  Borden  2001.  Solution  structure  of  the 
PHD  domain  from  the  KAP-1  corepressor:  structural  determinants  for  PHD,  RING  and  LIM 
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Solution  structure  of  the  PHD  domain  from  the 
KAP-1  corepressor:  structural  determinants  for  PHD, 
RING  and  LIM  zinc-binding  domains 


Allan  D.Capili,  David  C.Schultz1, 

Frank  J.Rauscher,lll1'2  and 
Katherine  L.B.Borden2 

Structural  Biology  Program,  Department  of  Physiology  and 
Biophysics,  Mount  Sinai  School  of  Medicine,  New  York  University, 
New  York,  NY  10029  and  lrThe  Wistar  Institute,  3601  Spruce  Street, 
Philadelphia,  PA  19104,  USA 

2CoiTesponding  authors 

e-mail:  kathy@physbio.mssm.edu  or  Rauscher@wistar.upenn.edu 
A.D.Capili  and  D.C.Schultz  contributed  equally  to  this  work 

Plant  homeodomain  (PHD)  domains  are  found  in 
>400  eukaryotic  proteins,  many  of  which  are  tran¬ 
scriptional  regulators.  Naturally  occurring  point 
mutations  or  deletions  of  this  domain  contribute  to  a 
variety  of  human  diseases,  including  ATRX  syndrome, 
myeloid  leukemias  and  autoimmune  dysfunction.  Here 
we  report  the  first  structural  characterization  of  a 
PHD  domain.  Our  studies  reveal  that  the  PHD  domain 
from  KAP-1  corepressor  binds  zinc  in  a  cross-brace 
topology  between  anti-parallel  p-strands  reminiscent 
of  RING  (really  interesting  new  gene)  domains.  Using 
a  mutational  analysis,  we  define  the  structural  fea¬ 
tures  required  for  transcriptional  repression  by 
KAP-1  and  explain  naturally  occurring,  disease-caus¬ 
ing  mutations  in  PHD  domains  of  other  proteins. 
From  a  comparison  of  this  PHD  structure  with  previ¬ 
ously  reported  RING  and  LIM  (Linll/Isl-l/Mec-3) 
structures,  we  infer  sequence  determinants  that  allow 
discrimination  among  PHD,  RING  and  LIM  motifs. 
Keywords :  KAP-l/LIM/PHD/RING/zinc  finger 


Introduction 

Biological  processes  depend  on  the  spatial  and  temporal 
targeting  of  specific  macromolecular  interactions.  The 
presence  of  highly  conserved  amino  acid  sequence  motifs 
and  their  structural  arrangement  within  a  novel  protein 
can  provide  the  first  clue  to  the  protein’s  function.  Modular 
motifs  within  multi-domain  proteins  often  specify  inter¬ 
acting  partners  and  the  identification  of  these  interactions 
has  been  beneficial  in  defining  biochemical  functions 
of  particular  proteins  and  their  cellular  pathways. 
Furthermore,  these  modular  domains  are  often  targets  of 
mutations  that  disrupt  the  cellular  pathways  in  which  they 
function.  Identification  of  modular  domain  type  through 
sequence  homology  studies  alone  can  lead  to  ambiguous 
domain-type  assignment,  making  prediction  of  function  a 
difficult  enterprise.  Thus,  biophysical  characterization  and 
determination  of  the  three-dimensional  (3D)  structure 
are  essential  for  understanding  cellular  and  biological 
function. 


The  plant  homeodomain  (PHD)  or  leukemia  associated 
protein  (LAP)  domain  is  a  relatively  small  motif  of  -60 
amino  acids  that  is  found  in  >400  eukaryotic  proteins, 
many  of  which  are  believed  to  be  involved  in  the 
regulation  of  gene  expression,  including  the  KAP-1/ 
TIFlp,  WCRF/WSTF,  Mi-2  and  CBP/p300  families 
(Aasland  et  al .,  1995).  It  has  been  suggested  that  this 
domain  is  involved  in  protein-protein  interactions  related 
to  a  possible  role  in  chromatin-mediated  regulation  of  gene 
expression  (Jacobson  and  Pillus,  1999).  Although  no  direct 
role  in  transcriptional  processes  has  been  reported  for  this 
domain,  recent  reports  indicate  that  the  extended  PHD 
domain  of  AF10  is  necessary  for  homo-oligomerization, 
an  event  required  for  the  ability  of  the  AT  hook  motif  in 
AF10  to  bind  DNA  (Linder  et  al .,  2000). 

The  biological  importance  of  the  PHD  domain  is 
underscored  by  its  involvement  in  the  pathogenesis  of 
several  human  disorders.  Clinically  relevant  missense 
mutations  in  the  PHD  domain  of  the  ATRX  protein  result 
in  a-thalas.semia  and  mental  retardation  (Gibbons  et  al. , 
1997;  Rinderle  et  al,  1999).  Germline  nonsense  mutations 
in  the  AIRE  gene  result  in  truncated  proteins  where  one  or 
both  of  the  PHD  domains  are  deleted  in  patients  with 
autoimmune  polyglandular  syndrome  type  1  (APECED) 
(The  Finnish-German  APECED  Consortium,  1997). 
Somatically  acquired  point  mutations  in  the  PHD  domain 
of  ING1  have  been  identified  in  head  and  neck  squamous 
cell  carcinomas  (Gunduz  et  al. ,  2000).  Chromosomal 
rearrangements  that  delete  this  motif  in  proteins  such  as 
MLL,  CBP,  MOZ  and  AF10  result  in  myeloid  leukemias 
(Jacobson  and  Pillus,  1999).  Furthermore,  genes  encoding 
PHD  domain  proteins  have  been  identified  in  the  critical 
deletion  regions  of  several  contiguous  gene  deletion 
syndromes  such  as  Williams  syndrome  (WSTF)  and  the 
immunodeficiency  syndrome  ICF  (DMNT3B)  (Lu  et  al ., 
1998;  Aapola  et  al. ,  2000).  The  prevalence  of  disease- 
causing  mutations  in  PHD  domains  suggests  that  they  play 
a  basic  and  essential  role  in  the  normal  function  of  human 
cells. 

The  PHD  domain  is  a  motif  characteristically  defined  by 
seven  cysteines  and  a  histidine  that  are  spatially  arranged 
in  a  C4HC3  consensus  with  intervening  sequences  of 
varying  length  and  composition  (Aasland  et  al. ,  1995). 
This  particular  arrangement  of  amino  acids  is  highly 
homologous  to  the  RING  (really  interesting  new  gene)  and 
LIM  (Linll/Isl-l/Mec-3)  domains  (Figure  1A)  (Borden 
and  Freemont,  1996;  Dawid  et  al .,  1998).  In  both  the 
RING  and  the  LIM  domain,  these  conserved  cysteine  and 
histidine  residues  are  utilized  to  bind  two  zinc  atoms,  a 
process  cooperatively  coupled  to  the  folding  of  the 
domains.  The  LIM  uses  a  sequential  zinc  ligation  scheme, 
where  the  first  and  second  pair  of  metal  ligands  create  the 
first  zinc-binding  site,  while  the  third  and  fourth  pair  form 
the  second  site  (Figure  IB).  In  contrast,  the  RING  domain 
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Fig.  1.  (A)  The  consensus  sequences  that  define  the  PHD.  RING  and  LIM  domains.  C.  cysteine:  H.  histidine:  X.  any  residue.  Above  the  consensus 
sequence  the  number  of  each  metal  ligand,  ml,  is  given.  The  first  and  second  pairs  of  sequential  metal  ligands  are  in  dark  blue,  while  the  third  and 
fourth  pairs  are  in  magenta.  (B)  Demonstration  of  zinc  ligation  patterns  found  in  RING  and  LIM  domains.  The  RING  uses  a  cross-brace  ligation 
scheme  while  the  LIM  uses  a  sequential  ligation  scheme.  Numbers  correlate  to  the  number  of  the  metal  ligand  as  defined  in  (A).  Zinc  atoms  are 
represented  by  gray  ovals  and  the  zinc-binding  sites  are  denoted  by  roman  numerals.  (C)  Ribbon  diagrams  of  the  three-dimensional  structures  Zinc 
atoms  are  represented  by  spheres.  Structures  arc  from  the  RING  of  PML  (1BOR)  and  for  LIM  (IA7I).  (D)  A  schematic  representation  of  the  domains 
in  the  KAP-I  protein.  RING,  the  RING  domain:  B1  and  B2,  two  adjacent  B-boxcs;  Coilcd-Coil.  a  leucine  coiled-coil  domain:  hatched  box  the  TIFF 
signature  sequence;  black  box,  the  HPl-binding  site:  PHD,  the  PHD  domain;  Bromo.  the  bromodomain. 


utilizes  a  unique  cross-brace  ligation  topology,  where  the 
first  and  third  pair  of  metal  ligands  form  the  first  zinc¬ 
binding  site  (site  I),  while  the  second  and  fourth  pair  form 
the  second  site  (site  II)  (Figure  IB).  The  different 
arrangements  of  metal  ligands  result  in  dramatically 
different  3D  structures  (Figure  1C).  The  choice  of  ligation 
topology  is  undoubtedly  critical  for  proper  folding  and 
domain  functionality.  Given  the  sequence  similarity 
amongst  PHD,  RING  and  LIM  domains,  one  is  unable  to  ' 
predict  the  ligation  scheme  and  fold  by  sequence  analysis 
alone. 

Here,  we  report  the  first  solution  structure  of  the  PHD 
domain  from  the  K  AP- 1  corepressor  (also  known  as  TIF 1 P 
or  KRIP1),  a  universal  corepressor  for  the  KRAB-zinc 
finger  superfamily  of  transcriptional  repressors  (Friedman 
et  cil.,  1996).  An  N-terminal  RBCC  domain  (RING 
domain,  B-boxes  and  coiled-coil  region)  is  both  necessary 
and  sufficient  for  interaction  of  KAP-1  with  the  KRAB 
repression  module  (Peng  et  al.,  2000a, b).  Amino  acid 
sequences  C-terminal  to  the  RBCC  domain  represent  at 
least  two  independent  repression  domains.  A  direct 


interaction  between  KAP-1  and  the  HP1  family  of  proteins 
suggests  that  KRAB-zinc  finger  proteins  repress  transcrip¬ 
tion  through  heterochromatin-mediated  gene  silencing 
(Ryan  et  cil.,  1999;  Lechner  et  al.,  2000).  The  PHD 
domain  is  found  on  the  C-terminus  of  KAP- 1 ,  adjacent  to  a  ^ 

bromodomain  defining  an  independent  repressional  unit 
(Figure  ID).  These  two  domains  are  found  together  in  ~30 
PHD-containing  proteins,  suggesting  that  they  may  func-  k 

tionally  interact  (Le  Douarin  eta/.,  1995,  1996;  Friedman 
et  al„  1996;  Venturini  et  cil.,  1999;  Bochar  et  al.,  2000; 

Jones  et  al.,  2000).  We  demonstrate  that  the  PHD  forms  an 
autonomously  folding  domain  that  binds  two  zinc  atoms  in 
a  cross-brace  RING-like  arrangement.  Not  only  are  the 
zinc  ligation  schemes  identical,  but  also  the  tertiary 
topologies  of  the  PHD  and  RING  domains  are  remarkably 
similar.  From  the  comparison  of  PHD,  RING  and  LIM 
domains,  it  is  possible  to  derive  unique  structural  deter¬ 
minants.  Structure-based  site-directed  mutational  analysis 
reveals  structural  features  of  the  PHD  domain  that  are 
critical  for  the  ability  of  KAP-1  to  repress  transcription. 
Furthermore,  we  are  able  to  rationalize  the  structural 
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Fig.  2.  (A)  CD  spectrum  of  untagged  KAP-1  PHD  prior  to  add¬ 
ition  of  EDTA  (solid  line)  and  after  addition  (dashed  line). 

(B  and  C)  !H/,5N-HSQC  of  KAP-1  PHD  produced  in  minimal 
media  not  supplemented  (B)  or  supplemented  with  zinc  (C). 


consequences  of  mutations  in  the  PHD  domains  of  other 
proteins  such  as  ATRX  and  ING1,  where  these  mutations 
correlate  with  human  disease. 


Results  and  discussion 

The  PHD  domain  requires  zinc  for  folding 

The  conservation  of  eight  potential  metal  ligands  in  the 
PHD  family  suggested  that  it  is  a  zinc-binding  protein.  In 
order  to  analyze  the  chemical  and  physical  characteristics 
of  the  PHD  domain,  we  expressed  the  KAP-1  PHD  (amino 
acids  618-679)  in  Escherichia  coli  and  purified  the  protein 
to  homogeneity  using  affinity  and  size  exclusion  chroma¬ 
tographies.  Analytical  ultracentrifugation  experiments 
suggest  that  >90%  of  the  PHD  protein  in  solution  is  a 
monomer  (data  not  shown).  To  determine  the  identity  and 
stoichiometry  of  metal  bound  by  the  PHD  domain,  we 
used  inductively  coupled  plasma  (ICP)  spectrometry. 
These  measurements  indicate  that  a  3.0  mM  solution  of 
KAP-1  PHD  protein  contains  5.2  mM  (±  3.3%)  zinc.  This 
ratio  of  one  protein  molecule  to  1.7  zinc  atoms  indicates 
that  the  PHD  binds  two  zinc  atoms  per  protein  molecule, 
potentially  utilizing  its  eight  conserved  cysteine  and 
histidine  residues  for  metal  ligation. 

Based  on  this  result,  we  investigated  the  role  of  zinc  in 
structure  formation  of  the  PHD  domain  using  circular 
dichroism  (CD)  and  nuclear  magnetic  resonance  (NMR) 
spectroscopies.  The  CD  spectrum  of  KAP-1  PHD  denotes 
a  folded  protein  with  substantial  P-sheet  and  no  significant 
helical  content  (Figure  2A).  Introduction  of  the  metal 
chelating  agent  EDTA  results  in  complete  loss  of  second¬ 


ary  structure.  Addition  of  ZnCl2,  in  excess  of  EDTA, 
results  in  re-folding  of  the  domain  (data  not  shown). 
Similarly,  ^^N-HSQC  (heteronuclear  single  quantum 
correlation)  NMR  experiments  indicate  that  the  KAP-1 
PHD  domain  requires  zinc  for  proper  folding  (Figure  2B 
and  C).  In  these  experiments,  the  PHD  domain  was 
expressed  in  minimal  media  in  the  presence  or  absence  of 
zinc  and  purified  identically.  The  spectrum  of  the  sample 
expressed  in  the  absence  of  zinc  shows  poor  dispersion  of 
amide  proton  chemical  shifts,  indicative  of  an  unfolded 
protein  (Figure  2B).  In  contrast,  the  sample  expressed  in 
the  presence  of  zinc  produces  a  spectrum  revealing  a 
substantial  increase  in  chemical  shift  dispersion,  a 
decrease  in  line  widths,  and  the  appearance  of  virtually 
all  expected  backbone  amide  resonances;  all  hallmarks  of 
a  well-folded  protein  (Figure  2C).  Thus,  like  RING  and 
LIM  domains,  the  binding  of  two  zinc  atoms  is  necessary 
for  folding  of  the  PHD  domain. 

The  structure  of  the  KAP-1  PHD  domain  reveals  a 
cross-brace  zinc  ligation  scheme 

We  determined  the  solution  structure  of  the  KAP-1  PHD 
domain  using  standard  homonuclear  and  heteronuclear 
NMR  techniques.  Initial  NMR  studies  were  conducted  on 
an  N- terminal  His-tagged  construct  of  KAP-1  (amino 
acids  618-679)  containing  the  entire  PHD  domain.  A 
comparison  of  2D  1H/15N  HSQC  and  NOESY  (nuclear 
Overhauser  effect  spectroscopy)  spectra  of  tagged  and 
untagged  proteins  revealed  that  the  two  spectra  were 
identical  apart  from  resonances  corresponding  to  the  tag 
(data  not  shown).  Thus,  the  presence  of  this  N-terminal  His 
tag  had  no  influence  on  the  structure  of  the  PHD  domain. 

An  initial  set  of  structures  was  generated  without 
reference  to  metal  ligation  in  order  to  determine  the 
residues  involved  in  zinc  binding.  These  structures  indi¬ 
cated  a  cross-brace  ligation  scheme  with  residues  C628, 
C631,  H648  and  C651  forming  one  zinc-binding  site 
(site  I)  and  C640,  C643,  C666  and  C669  forming  the  other 
(site  II).  These  sites  were  partially  defined  by  the 
individual  NOEs  observed  between  residues  implicated 
in  zinc  ligation.  For  instance,  long-range  NOEs  were 
observed  between  C666  and  C640,  C631  and  C651,  and 
C640  and  C669;  in  addition,  several  NOEs  between 
residues  adjacent  to  the  zinc  ligands  were  observed. 
Subsequent  structure  calculations  included  Zn  atoms  and 
additional  constraints  defining  tetrahedral  coordination. 
To  ensure  that  a  cross-brace  was  the  correct  zinc  ligation 
scheme,  alternative  schemes  were  calculated  but  none 
satisfied  the  experimental  constraints.  The  final  ensemble 
is  displayed  in  Figure  3A  and  all  atoms  are  depicted  in 
Figure  3B.  Statistics  of  the  ensemble  are  given  in  Table  I. 

The  structure  of  the  KAP-1  PHD  domain  reveals  a 
globular  domain  binding  two  Zn  atoms  in  a  distinguishing 
cross-brace  fashion  (Figure  3).  In  this  arrangement, 
residues  C628,  C631,  H648  and  C651  form  a  single 
zinc-binding  site  (site  I),  while  C640,  C643,  C666  and 
C669  form  the  second  site  (site  II)  (refer  to  Figure  3E).  The 
formation  of  site  I  begins  with  an  eight  residue  loop 
(residues  627-634),  which  continues  into  an  extended 
region  (residues  635-636)  followed  by  the  first  (3-strand 
(pi;  residues  637-640).  Site  II  is  then  created  by  a  turn 
(residues  641-644)  that  ends  in  the  second  P-strand  (P2; 
residues  645-647)  running  anti-parallel  to  Pi.  The  first 
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Fig.  3.  The  KAP-1  PHD  structure.  (A)  a-carbon  overlay  of  10  KAP-1 
PHD  domain  structures.  The  residues  N-terminal  to  1627  and 
C-terminal  to  H670  are  disordered  and  not  shown.  The  average  position 
of  the  two  zinc  atoms  is  represented  by  white  spheres.  The  blue  portion 
of  the  ensemble  represents  the  flexible  hinge  region  described  in  the 
text.  Structural  statistics  are  given  in  Table  I.  (B)  All-atom  view  of 
KAP-I  PHD  in  the  same  orientation  as  in  (A).  The  main  chain  is 
colored  in  gray.  Side  chains  are  colored  as  follows:  hydrophobic  in 
yellow,  polar  (non-charged)  in  cyan,  polar  (acidic)  in  red,  and  polar 
(basic)  in  blue.  (C  and  D)  Ribbon  diagram  of  the  KAP-1  PHD  domain. 
The  p-strands  are  shown  as  arrows  and  zinc  ligands  in  green. 

(E)  Sequence  alignment  of  PHD  domains  and  a  schematic  depicting 
zinc  ligation. 


zinc-binding  site  is  completed  by  another  loop  (residues 
648-652).  This  portion  is  followed  by  an  extended  flexible 
region  (residues  653-663;  shown  in  blue.  Figure  3A) 
demarcated  by  two  proline  residues  (P654  and  P660), 
which  appear  to  act  as  a  hinge  relative  to  the  rest  of  the 
domain  (Figure  3A).  This  flexible  region  is  followed  by  a 
third  P-strand  (P3;  residues  664—666),  leading  to  the 
completion  of  the  second  zinc-binding  site  (residues 
666-670).  Numerous  hydrophobic  interactions  appear  to 
stabilize  this  structure.  F647  is  at  the  center  of  the 
hydrophobic  core  packing  against  W664,  V638,  L656  and 
H652.  Interestingly,  the  proton  resonances  for  the  aromatic 
ring  of  F647  are  not  degenerate,  indicating  that  the  phenyl 
group  is  not  free  to  rotate  in  the  core,  suggesting  that  the 
core  is  tightly  packed.  Analysis  of  the  electrostatic  surface 
potential  reveals  two  areas  of  discrete  charge  (Nicholls 
et  al.,  1991).  Most  notably,  the  flexible  hinge  (residues 
653—663)  is  lined  with  several  Glu  and  Asp  residues, 
contributing  to  a  negatively  charged  surface,  and  the 
presence  of  Arg629  and  Lys633  results  in  a  positively 
charged  cluster  around  site  I.  Ongoing  mutational  analyses 


Table  I.  Structural  statistics 

Restraints  for  structure  calculation  (residues  627-670) 


total  restraints 

385 

total  NOE  restraints 

317 

intra-residue 

78 

sequential 

118 

medium  range  (2  <  \i-j\  <  4) 

26 

long-range  (1  i~j\  ^  5) 

95 

dihedral  angle  (<jj) 

20 

H-bond  restraints 

12 

zinc  distance  restraints 

20 

zinc  angle  restraints 

16 

Final  energies  (kcal/mol) 

37.1  ±  1.1 

£nof. 

0.30  ±  0.21 

^cdih 

0.05  ±  0.04 

Coordinate  precision  (627-653,  664-670) 

r.m.s.d.  of  backbone  atoms 

0.73  ±  0.16  A 

r.m.s.d.  of  all  heavy  atoms 

1.48  ±  0.18  A 

Procheck  analysis  (627-670) 

most  favored  regions 

36.0% 

additionally  allowed 

45.9% 

generously  allowed 

14.9% 

disallowed  region 

2.4% 

will  be  utilized  to  determine  the  importance  of  these 
features  to  KAP-1  PHD  function.  In  terms  of  charge  and 
topology,  no  structural  features  typical  of  nucleic  acid 
binding  proteins  are  observed,  such  as  those  present  in  the 
Kruppel-like  or  GATA-like  zinc  fingers  (Klevit,  1991; 
Omichinski  et  al. ,  1993).  This  suggests  that  the  PHD  is  not 
a  nucleic  acid  binding  domain. 

The  PHD  domain  structurally  resembles  a  RING 

Unlike  the  sequential  zinc  ligation  pattern  used  by  the  LIM 
domains,  the  KAP-1  PHD  domain  structure  shows  a  zinc 
ligation  pattern  similar  to  RING  domains.  Therefore,  we 
carried  out  a  detailed  comparison  between  the  PHD 
domain  and  three  previously  reported  RING  domain 
structures,  from  the  promyelocytic  leukemia  protein 
PML,  the  immediate  early  equine  herpes  virus  protein 
IEEHV  (also  known  as  ICPO)  and  the  recombination 
protein  RAG1  (Protein  Data  Bank  codes  1BOR,  1CHC 
and  1RMD,  respectively;  Barlow  et  al.,  1994;  Borden 
et  al.,  1995a;  Bellon  et  al.,  1997).  These  proteins  have  no 
sequence  homology  outside  of  conserved  metal-binding 
residues.  Strikingly,  in  all  cases  the  inter-zinc  distance  is 
~14  A,  presumably  because  the  central  P-strand  of  these 
molecules  is  the  same  length  (p2  in  KAP-1  PHD)  and  all 
use  the  cross-brace  ligation  scheme.  Because  PHD  and 
RING  domains  use  different  permutations  of  cysteines  and 
histidines  for  metal  ligation,  for  clarity  we  denote  the  ith 
conserved  metal-ligating  residue  along  the  primary 
sequence  by  mlj.  Notably,  a  conserved  hydrophobic  core 
residue  (F647)  is  located  in  p2,  just  N-terminal  to  ml5 . 
Inspection  of  these  structures  indicates  that  the  first  zinc¬ 
binding  site  and  anti-parallel  p-strands  (pjp2)  of  PHD 
overlay  strikingly  well  with  the  three  RING  structures 
(Figure  4).  An  a-carbon  backbone  alignment  of  RING  and 
KAP-1  PHD  structures  for  site  I  overlay  almost  exactly,  as 
do  the  zinc  atoms.  The  root  mean  square  difference 
(r.m.s.d.)  of  the  a-carbon  backbone  for  residues  around 
site  I  is  1.4  A  when  compared  with  PML,  and  1 .3  A  when 
compared  with  IEEHV  or  RAG1  (Figure  4C).  PML, 
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Fig.  4.  Comparison  of  the  KAP-1  PHD,  PML  RING,  IEEHY  RING 
and  RAG1  RING.  Superposition  of  KAP-1  PHD  (with  blue  p-strands, 
aa  627-652)  and  PML  RING  (magenta  P-strands,  aa  56-81)  (A)  and 
RAG1  RING  (yellow  p-strands,  aa  292-317)  (B)  from  the  first  metal 
ligand  to  the  sixth  metal  ligand.  The  white  spheres  represent  zinc  atoms 
with  the  upper  zinc  atom  being  site  I.  The  orientation  of  KAP-1  PHD  is 
the  same  in  both  panels.  (C)  Superposition  of  zinc-binding  site  I  for 
KAP-1  (627-632,  647-652),  PML  (56-71,  76-81),  IEEHV  (7-12, 
28-33)  and  RAG1  (292-297,  312-317).  The  metal  ligands  are  colored 
according  to  protein:  KAP-1  in  blue,  PML  in  magenta,  IEEHV  in  green 
and  RAG1  in  yellow.  (D)  Superposition  of  the  conserved  hydrophobic 
core  residues  N-terminal  to  metal  ligand  5  and  C-terminal  to  metal 
ligand  6  (L76  and  L81  in  PML,  F28  and  133  in  IEEHV,  and  F312, 

1317,  F647  and  H652  in  PHD).  The  side-chains  are  colored  as  in  (C). 
The  core  residues  from  PHD  are  noted  for  clarity.  The  conserved 
tryptophan  within  the  PHD  family  (W664  in  KAP-1)  is  seen  here 
inserting  between  the  other  core  residues,  repositioning  the  core. 


IEEHV  and  RAG1  RINGs  have  a  large  insertion  along  the 
p!  strand  relative  to  KAP-1  PHD  (Figure  5).  Comparison 
of  residues  just  N-terminal  to  mlj  through  to  just 
C-terminal  to  ml6 ,  which  include  residues  in  the  hydro- 
phobic  core,  results  in  r.m.s.d.  values  between  KAP-1  and 
PML  of  2.0  A,  between  KAP-1  and  IEEHV  of  2.1  A,  and 
between  KAP-1  and  RAG1  of  1.9  A.  The  sequence 
identity  in  this  region  is  20%  between  PML  and  KAP-1, 
22%  between  IEEHV  and  KAP-1,  and  24%  between 
RAG1  and  KAP-1  (Figure  4A  and  B).  Normally,  r.m.s.d. 
values  of  ~2  A  are  expected  for  proteins  with  sequence 
identities  >30%  (Flores  et  al. ,  1993).  Thus,  these  levels  of 
similarity  are  striking  considering  there  is  virtually  no 
sequence  conservation  between  these  domains  outside  of 
their  conserved  zinc  ligands. 


Like  the  PHD  family,  the  RING  family  shows 
substantial  structural  plasticity  between  ligands  ml6  and 
ml7 ,  where  the  chain  completes  site  I  and  continues 
towards  site  II.  In  PHD  domains,  the  spacing  varies 
from  12  to  46  residues,  and  in  RING  domains,  the 
spacing  varies  from  4  to  48  residues.  The  RINGs  of 
IEEHV,  RAG1  and  BRCA1  have  large  inserts  in  this 
region,  forming  a  helix.  However,  RINGs  with  shorter 
inserts,  e.g.  PML  and  BARD1,  do  not  have  a  helix 
in  this  region  (information  for  BRCA1  and  BARD1; 
P.Brozvic  and  R.Klevit,  personal  communication; 
reviewed  in  Borden,  1998).  In  contrast,  this  region  in 
the  KAP-1  PHD  contains  the  flexible  hinge  (residues 
653-663).  Although  this  insert  is  comparable  in  size  to 
that  of  RINGs  containing  a  helix,  the  propensity  for 
this  region  to  adopt  a  helical  conformation  is  highly 
unlikely  due  to  the  presence  of  two  proline  residues 
(P654  and  P660). 

A  major  structural  difference  between  PHD  and 
RING  domains  is  found  in  the  hydrophobic  core. 
Residues  that  form  the  hydrophobic  core  of  the  RING 
structures  are  N-terminal  to  ml5  and  C-terminal  to  ml6 
(LI 6  and  L81  in  PML,  F28  and  133  in  IEEHV,  F312 
and  1317  in  RAG1;  see  also  Figures  4D  and  5) 
(Barlow  et  al .,  1994;  Borden  et  al. ,  1995a;  Borden, 
1998).  Conserved  hydrophobic  residues  at  the  same 
positions  within  the  amino  acid  sequence  are  also 
found  in  the  PHD  (F647,  N-terminal  to  ml5\  and  H652, 
C-terminal  to  ml6).  However,  there  exists  an  additional 
conserved  hydrophobic  residue  in  PHD:  a  tryptophan 
two  residues  N-terminal  to  ml7  (W664  in  KAP-1; 
Figures  4D  and  5).  This  tryptophan,  which  is  highly 
conserved  throughout  the  PHD  family,  inserts  between 
the  core  residues  N-terminal  to  ml5  and  C-terminal  to 
mU  and  thereby  forms  part  of  the  hydrophobic  core.  In 
RINGs,  no  hydrophobic  core  residue  exists  at  the 
position  two  residues  before  ml7  (Figures  4D  and  5). 
Rather,  in  all  RING  structures  reported,  the  amino  acid 
at  this  position  is  actually  solvent  exposed  (Borden, 
1998).  This  additional  core  residue  appears  specific  to 
the  PHD  family.  The  presence  of  W664  alters  the 
arrangement  of  the  core  where  H652,  which  is 
C-terminal  to  m/6,  is  not  as  central  to  the  core  as 
this  residue  is  in  the  RING  domain.  Additionally,  the 
trace  of  the  main  chain  is  virtually  unaltered  relative 
to  the  RING  fold  (Figure  4D).  Ligands  ml3  and  ml4  in 
site  II  are  positioned  almost  identically  in  both  PHDs 
and  RINGs.  In  summary,  both  RING  and  PHD 
domains  have  conserved  hydrophobic  residues  that 
are  in  the  same  sequence  position  and  are  found  in 
the  core  of  the  domains.  However,  PHD  accommodates 
an  additional  core  residue,  W664. 

Aside  from  differences  in  the  hydrophobic  core,  there 
are  significant  differences  in  the  main-chain  trace  between 
ml6  and  ml7  in  PHD  compared  with  RING  domains.  At 
H652,  just  C-terminal  to  ml6,  the  main-chain  trace  deviates 
significantly  from  RING  domains.  This  difference  appears 
to  result  from  the  participation  of  W664  (two  residues 
N-terminal  to  ml7)  in  the  hydrophobic  core.  This  alters  the 
position  of  ml7  and  ml8  relative  to  the  RINGs.  These 
differences  suggest  that  the  PHD  domain,  although 
structurally  similar  to  the  RING  in  part,  could  bind 
structurally  distinct  partners  and  display  unique  biological 
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activities.  We  expect  that  insertion  size  and  sequence 
variability  between  ml2  to  ml  3  and  ml6  to  ml7  result  in 
substantial  structural  plasticity  in  PHD  domains,  imparting 
specificity  onto  a  common  structural  scaffold  stabilized  by 
zinc. 


Sequence  determinants  for  RING,  LIM  and  PHD 
domains 

The  structural  similarity  between  PHD  and  RING 
domains,  coupled  to  the  dissimilarity  with  LIM  domains, 
prompted  us  to  examine  whether  there  were  any  structure- 
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based  sequence  determinants  that  would  enable  one  to 
predict  whether  a  given  amino  acid  sequence  is  PHD-, 
RING-  or  LIM-like  in  structure.  The  major  structural 
determinant  appears  to  be  based  on  the  zinc  ligation 
scheme  utilized.  Sequence  alignments  for  selected  mem¬ 
bers  of  the  PHD,  RING  and  LIM  families  are  given  in 
Figure  5.  For  RING  and  LIM  domains,  conserved 
hydrophobic  core  residues  determined  through  inspection 
of  the  structures  are  shown.  In  these  cases,  residues  that 
form  the  hydrophobic  core  are  shown  in  yellow,  site  I  in 
magenta  and  site  II  in  blue.  These  alignments  suggest  that 
proteins  with  conserved  hydrophobic  residues  at  positions 
N-terminal  to  ml5  and  C-terminal  to  ml6  utilize  a  cross¬ 
brace  ligation  scheme  as  in  the  PHD/RING  structures, 
whereas  proteins  with  hydrophobic  residues  N-terminal  to 
ml 3  and  C-terminal  to  ml4  utilize  a  sequential  LIM-like 
ligation  scheme.  Alignments  indicate  that  in  the  PHD/ 
RING  cross-brace  schemes,  the  presence  of  a  tryptophan 
residue  two  residues  N-terminal  to  ml7  may  be  diagnostic 
of  a  PHD  fold.  In  contrast,  LIMs  have  additional 
conserved  hydrophobic  core  residues  that  are  not  found 
in  PHD  or  RING  (Figure  5).  Furthermore,  residue  spacing 
in  the  LIM  domain  is  much  more  highly  conserved  than  in 
PHDs  or  RINGs  (Figure  1A). 

Analysis  of  this  structure  allows  one  to  distinguish 
between  conserved  hydrophobic  residues  observed  by 
sequence  information  and  conserved  hydrophobic  residues 
that  additionally  form  the  core  of  the  domain.  Some 
hydrophobic  residues  conserved  within  the  PHD  family  do 
not  participate  in  formation  of  the  hydrophobic  core. 
Residues  positioned  one  and  two  amino  acids  N-terminal 
to  ml3y  Leu  637  and  Val  638,  are  conserved  as  hydrophobic 
residues  in  the  family  (Figure  5)  but  are  not  part  of  the 
core.  Mutation  of  Leu637  to  Ala  does  not  disrupt  the 
transcriptional  repression  activity  of  KAP-1  to  the  same 
extent  as  mutation  of  conserved  hydrophobic  core  resi¬ 
dues,  which  results  in  almost  complete  loss  of  transcrip¬ 
tional  activity  and  an  unfolded  protein  (Figures  6  and  7; 
Table  II). 

For  RING  and  LIM  domains,  flexibility  in  ligating 
residue  type  has  been  observed,  e.g.  His  can  replace  Cys 
and  even  Asp  can  be  used  as  a  ligand.  We  examined  the 
importance  of  specific  types  of  zinc  ligands  to  the  fold  of 
the  PHD  domain  by  examining  the  ability  to  repress 
transcription.  Initially,  we  swapped  the  type  of  zinc  ligand, 
e.g.  His  for  Cys,  at  ligand  position  ml5  (648),  and 
determined  the  ability  of  KAP-1  to  act  as  a  transcriptional 
repressor  (Figure  6B;  Table  II).  This  mutation  has  little 
effect,  indicating  that  the  type  of  ligating  residue,  at  least 
at  this  position,  is  not  crucial.  However,  substitution  of  Ala 
for  His  at  ml5  completely  destroys  the  transcriptional 
repression  properties  of  the  KAP-1  PHD  domain 
(Figure  6B;  Table  II).  Intriguingly,  in  studies  where 


KAP-1  was  modified  (Cys643His648  to  His643Cys648)  so 
that  it  used  a  RING-like  zinc  ligation  scheme  (Figure  1), 
there  was  a  substantial  loss  of  transcriptional  activity 
relative  to  wild-type  protein  (Figure  6).  Furthermore, 
mutation  of  Cys643  to  His  results  in  reduction  in  this 
activity  but  not  to  the  same  extent  as  the  double  mutation. 
Thus,  ligand  type  may  be  critical  at  some  positions  within 
the  sequence,  whereas  the  choice  of  ligand  type  appears 
more  flexible  at  other  positions. 

Structural  integrity  of  the  PHD  domain  is  essential 
for  KAP-1  to  repress  transcription 

In  order  to  define  structural  features  of  the  PHD  domain 
important  for  the  transcriptional  repression  by  KAP-1, 
mutational  analysis  was  carried  out  on  a  GAL4-KAP-1 
(619-835)  expression  construct  (Figure  6A).  This 
construct  encodes  both  the  PHD  domain  and  the  bromo- 
domain  of  KAP-1,  which  together  comprise  an  independ¬ 
ent  repression  domain  where  both  domains  are  required  for 
this  biological  activity  (Figure  6B  and  C;  Table  II; 
D.C.Schultz,  J.R.Friedman  and  F.J.RauscherJII,  submit¬ 
ted).  The  positioning  of  the  PHD  domain  adjacent  to  a 
bromodomain  has  been  observed  in  several  proteins; 
however,  most  PHD-containing  proteins  do  not  contain  a 
bromodomain,  suggesting  that  the  PHD  is  an  independent 
structural  unit.  Yet,  in  KAP-1,  it  is  possible  that  the 
bromodomain  could  alter  the  fold  of  the  PHD  domain  and 
thereby  modulate  its  biological  activity.  In  order  to  address 
whether  the  bromodomain  could  alter  the  structure  of  the 
PHD,  we  carried  out  additional  NMR  studies  on  a  KAP-1 
PHD-bromodomain  construct.  In  these  experiments,  the 
chemical  shifts  of  the  resonances  corresponding  to  the 
PHD  domain  appear  largely  identical  to  resonances  in 
constructs  containing  only  the  PHD  domain,  indicating 
that  the  bromodomain  does  not  substantially  alter  the  fold 
of  the  PHD  domain  (our  unpublished  observations). 
Although  the  bromodomain  does  not  appear  to  alter  the 
fold  of  the  PHD  domain  significantly  in  KAP-1,  it  may 
make  crucial  contacts  that  modulate  its  function  or  cause 
small-scale  structural  rearrangements,  which  may  be 
critical  for  function. 

We  monitored  the  effects  of  mutations  in  the  PHD 
domain  on  transcriptional  activity  (Figure  6;  Table  II). 
Mutations  of  zinc  ligands  in  either  site  I  (CC628, 
631AA  or  H648A)  or  site  II  (C643A  and  C666A) 
abolished  transcriptional  repression,  while  mutation  of 
the  non-zinc-ligating  cysteine  (C646V)  shows  no 
effect.  Furthermore,  mutations  that  disrupt  the  hydro- 
phobic  core  of  the  molecule  are  as  debilitating  as 
mutations  that  disrupt  zinc  ligation.  Consistently, 
conservative  non-disruptive  mutations,  such  as  F647Y, 
in  the  core  do  not  alter  transcriptional  repression 
by  KAP-1,  whereas  F647A  abolishes  this  activity. 


Fig.  5.  Amino  acid  sequence  alignment  of  the  PHD,  RING  and  LIM  families.  Site  I  metal  ligands  are  colored  in  magenta  and  site  II  metal  ligands  in 
blue.  Conserved  hydrophobic  core  residues  are  colored  in  yellow.  DDBJ/EMBL/GenBank  accession  Nos  and  PDB  codes:  KAP-1  (U78773),  TIFla 
(AAD17258),  Mi2a  (Q14839),  ATRX  (P46100),  DNMt3A  (BAA95556),  ING1  (AAG02578),  YNJ7_YEAST  (P50947),  RBB2_HUMAN  (P29375), 
YM42_YEAST  (Q03214),  YMW5_YEAST  (Q04779),  YA27_SCHPO  (Q09698),  YAC5_SCHPO  (Q09819),  AIREHUMAN  (043918), 
CHD4_HUMAN  (Q14839),  X169_HUMAN  (CAA89909),  HT31_ARATH  (Q04996),  PRH_ARATH  (P48785),  CHD3_CAEEL  (Q22516), 
CHD3_HUMAN  (Q12873),  YJ89JYEAST  (P47156),  FALZ_HUMAN  (Q12830),  YANCJSCHPO  (Q10077),  YGN1JYEAST  (P53127), 
YAJ8_SCHP0  (Q09908),  AF17_HUMAN  (Q09908),  YGN1_YEAST  (P53127),  HRXHUMAN  (Q03164),  PML  (lbor),  IEEHV  (lchc), 

RAG1  (1RMD),  BRCA1  (A58881),  BARD1  (NP_00456),  c-Cbl  (P22681),  MDM2  (CAA41684),  MDMX  (015151),  MAT  (S60157),  Z  (P18541), 
Mel-18  (P35227),  CrplLIMl  and  LIM2  (1B8T),  CRIPrat  (1IML),  Lin-11  (CAA38240),  ISL-1  (CAA3749),  MEC-3  (S28390),  LMX-1  (B46233). 
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Fig.  6.  Mutations  in  the  PHD  domain  of  KAP-1  significantly  impair  the  intrinsic  repression  activity  of  KAP-1.  (A)  Schematic  diagram  illustrating  the 
reporter  plasmid  (5X-GAL4-UAS-TK-luciferase)  and  effector  plasmid  (GAL4-KAP-16,9_835).  The  primary  amino  acid  sequence  of  the  minimal  " 
KAP-1  PHD  domain  is  illustrated.  #,  conserved  amino  acids  that  were  mutated.  $,  non-conserved  amino  acids  in  KAP-1  that  were  mutated  to  match 
the  corresponding  amino  acids  in  TIFla/TIFly.  Each  mutation  was  made  in  the  context  of  a  GAL4-KAP- 1  (619-835)  expression  construct. 

(B)  Mutations  in  the  KAP-1  PHD  domain  disrupt  its  role  in  transcriptional  repression.  All  experiments  were  performed  in  NIH  3T3  cells  with  5  jig 
of  the  indicated  GAL4  fusion  protein  and  1  \ig  of  a  5X-GAL4(UAS)-TK-luciferase  reporter.  A  black  bar  represents  wild  type,  gray  bars  represent 
mutations  of  conserved  amino  acid  residues,  and  white  bars  represent  substitutions  at  non-conserved  amino  acids.  (C)  Stable  expression  of  each 
protein  was  determined  via  transfection  into  COS-1  cells  followed  by  immunoprecipitation  of  [35S]methionine-labe!ed  whole  cell  extracts  with  anti- 
GAL4  (DBD)  antiserum  (I  jig). 


Mutation  of  a  conserved  hydrophobic  non-core  residue, 
L637A,  does  not  abolish  transcriptional  activity  of  the 
domain.  A  mutation  that  potentially  introduces  an  extra 
zinc  ligand  (M639C  or  P654C)  results  in  a  lowered 
activity,  presumably  because  this  ‘new’  ligand  may 
disrupt  the  formation  of  the  cross-brace  by  competition 
for  zinc  during  the  folding  process.  In  the  wild-type 
structure,  the  M639  side  chain  is  solvent  exposed  and 
P654  is  part  of  the  flexible  hinge  region.  Reduction  in 
transcriptional  repression  activity  in  the  case  of  P654C 


or  M639C  could  be  due  either  to  misfolding  or  to  a 
disruption  of  PHD-bromodomain  intermolecular  inter¬ 
actions. 

To  determine  the  effects  that  some  of  these  mutations 
impose  on  the  structural  properties  of  the  domain,  we 
expressed  the  PHD  protein  containing  mutations  of  three 
different  types.  Based  on  the  structure,  W664A  is  expected 
to  disrupt  the  hydrophobic  core,  C651F  is  expected  to 
disrupt  metal  binding  and  P654C  is  expected  to  cause 
misfolding  by  disrupting  metal  binding  through  addition  of 


172 


Solution  structure  of  the  PHD  domain 


Fig.  7.  Some  mutations  in  the  PHD  domain  of  KAP-1  disrupt  proper 
folding.  (A)  Comparison  of  CD  spectra  of  wild-type  KAP-1  PHD  (solid 
line),  W664A  mutant  (dashed/dotted  line),  P664C  mutant  (dotted  line) 
and  C651F  mutant  (dashed  line)  taken  at  pH  7.5,  25°C.  (B)  ID  ]H 
NMR  spectra  of  wild-type  and  mutant  KAP-1  PHD  taken  at  pH  7.5, 
30°C.  The  spectral  regions  containing  the  amide  and  aromatic  proton 
resonances  are  shown. 


an  extra  zinc  ligand.  Each  protein  was  expressed  and 
purified  as  previously  described.  As  an  initial  evaluation  of 
the  biophysical  consequences  of  these  mutations  on  the 
structure  of  the  PHD  domain,  we  estimated  the  hydro- 
dynamic  size  of  each  protein  by  gel  filtration.  Greater  than 
90%  of  the  C651F  mutant  protein  eluted  from  the  gel 
filtration  column  immediately  following  the  void  volume, 
suggesting  that  the  protein  is  likely  to  exist  as  a  soluble 
aggregate  (data  not  shown),  consistent  with  being  largely 
unfolded.  A  protein  containing  the  P654C  mutation  eluted 
from  the  column  in  two  distinct  peaks.  Approximately 
50%  of  the  protein  eluted  from  the  column  just  after  the 
void  volume,  as  observed  for  the  C651F  mutant  protein. 
The  remainder  of  the  protein  eluted  with  a  Stokes  radius 
consistent  with  the  monomeric  size  observed  with  the 
wild- type  protein  (data  not  shown).  The  W664A  mutant 
protein  eluted  from  the  column  as  a  distribution  of  species, 
with  a  small  but  significant  fraction  of  the  protein  eluting 
at  a  volume  that  overlaps  with  the  monomeric  size 
observed  with  the  wild-type  protein  (data  not  shown). 
Fractions  corresponding  to  the  monomer  for  each  mutant 
were  collected  and  further  analyzed  to  determine  whether 
the  proteins  were  folded.  NMR  and  CD  studies  on  the 


W664A,  C651F  and  P654C  proteins  indicated  that,  as 
expected,  disruption  of  the  hydrophobic  core  or  of  zinc 
binding  resulted  in  unfolded  proteins  (Figure  7).  Analysis 
of  CD  spectra  of  each  mutant  indicates  a  substantial  loss  in 
molar  ellipticity  relative  to  wild  type,  indicating  that  the 
mutants  are  unfolded  (Figure  7A).  lH  NMR  studies 
indicate  that  there  is  poor  dispersion  of  the  resonances  in 
the  amide  and  aromatic  region  of  the  spectra  of  all  three 
mutants,  indicative  of  an  unfolded  protein  (Figure  7B). 
Furthermore,  there  are  few  NOEs  observed  in  2D  ]H 
NOESY  experiments,  again  demonstrating  that  these 
proteins  are  largely  unstructured  (data  not  shown).  Thus, 
the  ability  of  the  KAP-1  PHD  domain  to  bind  zinc  and 
maintain  the  hydrophobic  core  is  required  for  its  proper 
folding  and  ability  to  repress  transcription. 

The  potential  structural  consequences  of  PHD 
domain  mutations  in  other  proteins 

Naturally  occurring  mutations  and  deletions  in  the 
PHD  domains  of  several  proteins  exemplify  the 
biological  importance  of  this  domain.  Germline  mis- 
sense  mutations  in  the  PHD  domain  of  the  ATRX 
protein  predispose  individuals  to  a-thalassemia  and 
mental  retardation  (Gibbons  et  ai,  1997).  Somatic 
missense  mutations  found  in  the  PHD  domain  of  ING1 
are  detected  in  several  types  of  carcinoma  (Gunduz 
et  al ,  2000).  Analysis  of  these  mutations  in  light  of 
the  KAP-1  PHD  structure  reveals  the  basis  for  their 
devastating  nature  (Table  II).  In  the  ING1  PHD 
domain,  two  mutations  of  site  I  are  found  in  squamous 
cell  carcinomas  (Gunduz  et  al .,  2000).  C631S  (where 
these  amino  acids  are  numbered  in  the  context  of  the 
KAP-1  PHD),  like  previous  zinc  ligand  mutations, 
should  destroy  zinc  binding  and  structure  formation. 
N632S,  adjacent  to  m/2,  may  indirectly  interfere  with 
zinc  binding  and,  therefore,  formation  of  site  I.  Two 
mutations  in  ATRX  (C628R  and  C651F)  disrupt  the 
ability  of  this  domain  to  ligate  zinc.  These  mutations 
are  expected  to  result  in  an  unfolded  protein,  and 
equivalent  mutations  in  the  KAP-1  PHD  domain  result 
in  a  loss  of  repression  (Table  II)  and  unfolding 
(Figure  7).  Another  mutation  in  ATRX  introduces  an 
additional  potential  metal  ligand  (P654C),  which  dis¬ 
rupts  biological  activity  through  misfolding  (Figure  7). 
Some  surface  mutations  (V630S  and  Q657E)  have  no 
effect  on  transcriptional  activity  in  these  assays; 
however,  these  mutations  are  found  in  ATRX  patients. 
Thus,  these  residues  may  be  required  by  the  ATRX 
protein  for  mediating  specific  protein-protein  inter¬ 
actions.  An  interesting  feature  of  the  wild-type  ATRX 
PHD  domain  is  that  it  is  a  PHD  domain  with  eight 
cysteines  (His  at  ml 5  is  replaced  by  Cys).  Mutation  of 
this  ligand  in  KAP-1  (H648C)  resulted  in  only  a  slight 
loss  of  transcriptional  activity  (Figure  6B),  suggesting 
that  either  a  histidine  or  a  cysteine  can  be  tolerated  as 
a  metal  ligand  at  this  position.  It  is  interesting  to  note 
that  ATRX  and  ING1  proteins  do  not  contain 
bromodomains,  indicating  that  their  disease  potential 
does  not  arise  because  of  disruption  of  a 
PHD-bromodomain  interaction.  Overall,  the  functional 
significance  of  any  of  these  mutations  will  depend  on 
context-specific  biochemical  functions  of  the  given 
domain.  None  the  less,  this  panel  of  mutations  will 
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Table  II.  PHD  mutations  and  structural  consequences 


Mutations  Location  in  KAP-1  PHD  structure 


Transcriptional  Structural  consequences 

repression11  (%) 


CC628.631AA 

Zn2+  ligands  of  site  I 

17 

G635A 

surface,  extended  region  before  pj 

87 

D636A 

surface,  extended  region  before  p[ 

74 

L637A 

surface,  conserved  hydrophobic 

58 

L637E 

surface,  conserved  hydrophobic 

55 

M639C 

Pi,  adjacent  to  metal  ligand  of  site  II  (C640) 

43 

C643A 

Zn2+  ligands  of  site  II 

13 

C646V 

P2,  surface  exposed 

56 

F647Y 

core  residue,  p^ 

100 

F647A 

core  residue,  p2 

26 

H648C 

Zn2+  ligand  of  site  I 

70 

H648A 

Zn2+  ligand  of  site  I 

13 

H652A 

core  residue 

31 

P660A 

flexible  hinge 

86 

W664A 

core  residue,  p3 

22 

C666A 

Zn2+  ligand  of  site  II 

12 

SL  667,668  TF 
ATRXb>c 

surface,  site  II 

68 

C628R 

Zn2+  ligand  of  site  I 

15 

V630S 

surface,  site  I 

85 

C651F 

Zn2+  ligand  of  site  I 

12 

P654C 

flexible  hinge 

42 

Q657E 

surface,  flexible  hinge 

63 

ING 1 w 

C63IS 

Zn2+  ligand  of  site  I 

_ 

N632S 

surface,  adjacent  to  metal  ligand 

- 

loss  of  metal  binding,  incorrect  folding 

no  obvious  structural  effect 

change  in  surface  charge 

no  obvious  structural  effect 

no  obvious  structural  effect 

extra  zinc  ligand,  may  disrupt  site  II  formation 

loss  of  metal  binding,  incorrect  folding 

not  a  zinc  ligand,  no  obvious  structural  effect 

conservative  substitution 

disrupts  hydrophobic  core 

conservative  substitution 

loss  of  metal  binding,  incorrect  folding 

disrupts  hydrophobic  core 

no  obvious  structural  effect 

disrupts  hydrophobic  core 

loss  of  metal  binding,  incorrect  folding 

no  obvious  structural  effect 

loss  of  metal  binding,  incorrect  folding 

may  be  important  for  protein-protein  interactions 

loss  of  metal  binding,  incorrect  folding 

extra  zinc  ligand  causing  incorrect  folding 

change  in  surface  charge 

loss  of  metal  binding,  incorrect  folding 
may  disrupt  site  I  formation 


Percentage  compared  with  transcriptional  repression  by  wild-type  KAP-1  PHD. 
bNumbers  refer  to  the  residue  numbering  for  KAP-1. 

“Results  for  ATRX  mutations  appear  elsewhere  (D.C.SchuItz,  J.R.Friedman  and  FJ.Rauscher,III,  submitted). 
dTranscriptional  assays  were  not  conducted  for  ING1  mutations. 


serve  as  a  useful  tool  in  future  studies  in  defining  new 
macromolecular  interactions  and  biological  functions 
for  the  PHD  domain. 


The  PHD  domain  is  likely  to  be  a  protein-protein 
interaction  domain 

KAP-1  PHD  participates  in  protein-protein  interactions 
with  Mi-2a  (D.C.SchuItz,  J.R.Friedman  and  F.J.Rauscher, 
III,  submitted),  a  component  of  the  NuRD  histone 
deacetylase  complex  (Wade  et  a !.,  1998;  Brehm  et  al , 
1999).  Therefore,  KAP-1  PHD  may  be  important  for 
proper  spatial  and  temporal  scaffolding  of  the  repressor 
complex.  This  association  is  likely  to  be  critical  for 
transcriptional  repression  by  KAP-1.  Consistent  with  our 
results,  recent  work  indicates  that  the  AIRE  PHD  domain 
is  required  for  formation  of  nuclear  protein  complexes 
(Rinderle  et  al 1999).  Furthermore,  the  AF10  PHD 
domain  is  reported  to  be  a  homo-oligomerization  module 
(Linder  et  al. ,  2000).  Like  RINGs,  the  PHD  domain 
appears  to  function  as  a  protein-protein  interaction  motif. 
Presumably,  disruption  of  the  structural  integrity  of  the 
PHD  domain  by  mutation  of  critical  residues  fundamen¬ 
tally  disrupts  this  action.  Recent  studies  show  that  some 
RING  domains  act  as  E3  ubiquitin  ligases  through 
interactions  with  the  ubiquitin  machinery  (reviewed  in 
Borden,  2000).  Because  of  the  similarity  to  the  RING,  we 
tested  KAP-1  in  this  system.  Neither  the  PHD  alone  nor 
the  PHD-bromodomain  together  has  detectable  E3  ligase 
activity  (data  not  shown).  It  will  be  necessary  to  test 


several  other  PHD  domains  before  this  activity  can  be 
ruled  out  for  the  family  as  a  whole. 

Conclusions 

We  present  the  first  structure  of  a  PHD  domain  and  show 
that  it  is  an  autonomously  structured  domain  that  requires 
zinc  for  folding.  From  sequence  analysis  alone  it  is 
impossible  to  determine  how  the  eight  conserved  metal 
ligands  are  utilized  to  bind  zinc.  This  uncertainty  is 
evident  from  a  recently  modeled  structure  of  the  DNMT3L 
PHD  domain  where  the  ligation  scheme  was  assumed  to  be 
LIM-like  (Aapola  et  al .,  2000).  The  actual  ligation  of  zinc 
by  the  PHD  domain  is  accomplished  by  a  cross-brace 
motif  like  that  used  by  the  RING  family.  Not  only  are  the  V 
ligation  schemes  similar  between  the  two  domains,  but 
also  the  structures  are  topologically  identical  from  ml;  to 
ml6y  which  includes  the  first  zinc-binding  site  and  the  anti¬ 
parallel  P-strands.  We  identify  structural  determinants  that 
distinguish  ligation  schemes  of  RING,  LIM  and  PHD 
domains.  In  the  structure  of  the  KAP-1  PHD  domain,  there 
exists  a  flexible  hinge  region  between  m\6  and  ml7 
characterized  by  a  discrete  negatively  charged  surface. 

Amongst  the  RING  domains,  this  same  region  shows 
structural  variability,  forming  an  extended  strand  or  a 
helix.  The  plasticity  of  this  region  may  underlie  the 
biological  specificity  of  these  rather  similar  domains.  The 
PHD  domain  is  required  for  transcriptional  repression  by 
KAP-1  and  we  present  structural  determinants  required 
for  this  activity,  which  elucidate  the  structural  basis  of 
disease-causing  missense  mutations  in  ATRX  and  ING1. 
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Solution  structure  of  the  PHD  domain 


Materials  and  methods 

Preparation  of  the  PHD  domain 

A  DNA  fragment  encoding  the  PHD  domain  of  human  KAP-1  (amino 
acids  618-679)  was  subcloned  into  the  pQE30  expression  vector  (Qiagen) 
and  expressed  in  E.coli  BL21(DE3)  cells  (Novagen).  The  His-tagged 
protein  contained  an  additional  17  N-terminal  amino  acids, 
MRGSHHHHHHGSDIIDE,  amino  acids  618-679  of  KAP-1,  and  nine 
C-terminal  amino  acids,  VDLQACKLN.  For  the  untagged  KAP-1  PHD 
domain  protein,  a  DNA  fragment  encoding  amino  acids  618-679  was 
subcloned  into  the  expression  vector  pQE50  (Qiagen)  and  expressed  in 
E.coli  SGI 3009  cells  (Qiagen).  The  expressed  protein  contained  four 
N-terminal  amino  acids,  MRGS,  followed  by  amino  acids  618-679  of 
KAP-1.  His-tagged  or  untagged  protein  was  prepared  from  logarith¬ 
mically  growing  bacteria  cultured  in  either  2YT  media  or  in  minimal 
media,  containing  15NH4C1  as  the  sole  nitrogen  source  and  supplemented 
with  100  pM  zinc  acetate  (for  uniformly  labeled  15N  protein).  In  both 
types  of  medium,  protein  expression  was  induced  with  1  mM  isopropyl- 
P-D-thiogalactopyranoside  for  3  h  at  37°C.  Induced  bacterial  pellets  were 
lysed  in  20  mM  NaH2P04  pH  7.5,  500  mM  NaCl,  5  mM  dithiothreitol 
(DTT).  The  His-tagged  PHD  domain  was  purified  by  affinity 
chromatography  on  a  Ni2+-NTA-agarose  column  (Qiagen),  followed  by 
fractionation  through  a  Superdex  75  size  exclusion  column  (Pharmacia). 
The  untagged  PHD  domain  was  purified  sequentially  by  ion  exchange 
chromatography  (DEAE-cellulose),  hydrophobic  interaction  chromato¬ 
graphy  (butyl-Sepharo se)  and  size  exclusion  chromatography  (Superdex 
75).  NMR  experiments  utilized  both  constructs,  while  metal  binding 
analysis  (i.e.  ICP  and  CD)  used  only  the  untagged  PHD  construct. 
W664A,  P654C  and  C651F  mutant  proteins  were  produced  as  His-tagged 
proteins  and  purified  as  described  above. 

Site-directed  mutagenesis 

Site-directed  point  mutations  in  the  KAP-1  PHD  domain  were  engineered 
by  standard  overlap  extension  PCR-mediated  mutagenesis  procedures. 
The  mutagenic  primers  for  the  described  mutations  (Figure  6)  contained 
the  following  codons:  CC628,631AA,  TGC  to  GC;  C628R,  TGC  to  CGC; 
V630S,  GTC  to  AGC;  G635A,  GGC  to  GCC;  D636A,  GAT  to  GCT; 
M639C,  ATG  to  TGC;  C643A,  TGT  to  GCT;  C646V,  TGT  to  GTT; 
F647Y,  TTC  to  TAC;  H648C,  CAC  to  TGC;  C651F,  TGT  to  TTT; 
P654C,  CCG  to  TGC;  Q657E,  CAG  to  GAG;  P660A,  CCA  to  GCA; 
W664A,  TGG  to  GCG;  C666A,  TGC  to  GCC;  SL667,668TF,  TCA  and 
CTC  to  AC  A  and  TTC.  Appropriate  reading  frame  fusions  and  integrity 
of  flanking  sequences  for  all  constructs  created  by  PCR  were  confirmed 
by  DNA  sequence  analysis  of  both  strands. 

Transient  transfections 

Protein  expression  from  all  plasmids  was  confirmed  by  transient 
transfection  of  COS-1  cells  followed  by  immunoprecipitation  of 
[35S]methionine-labeled  cell  extracts.  All  transcription  assay  transfec¬ 
tions  were  carried  out  as  previously  described  (Ryan  et  ol. ,  1999). 

ICP  spectrometry 

ICP  spectrometry  was  conducted  using  the  untagged  PHD  sample  at 
Galbraith  Laboratories,  Inc.  (Knoxville,  TN).  Twenty-five  microliters  of  a 
3.0  mM  PHD  sample  (20  mM  NaH2P04,  500  mM  NaCl,  5  mM  DTT 
pH  7.5)  were  prepared  for  ICP  analysis  using  a  wet  ash  digestion 
procedure  as  previously  described  (Bock,  1979).  Measurements  were 
made  on  a  Perkin-Elmer  P2000  using  a  primary  wavelength  of 
213.856  nm  (Wallace,  1981). 

CD  spectroscopy 

Spectra  were  collected  on  a  Jasco  810  spectropolarimeter  at  25°C  using  a 
1  mm  path-length  cuvette.  For  the  unfolding  experiments  (Figure  2),  the 
concentration  of  the  untagged  PHD  sample  was  30  |iM  in  20  mM 
NaH2P04, 50  mM  NaCl  pH  7.5.  After  an  initial  spectrum  was  collected,  a 
6-fold  molar  excess  of  EDTA  was  added  and  pH  was  adjusted  to  7.5.  The 
sample  was  then  left  at  room  temperature  for  16  h  to  ensure  it  had  reached 
equilibrium.  Spectra  were  then  recorded.  For  the  comparison  of  KAP-1 
PHD  mutants  (Figure  7),  the  concentration  of  PHD  wild  type  and  PHD 
mutants  ranged  from  15  to  30  |lM  in  20  mM  NaH2P04,  50  mM  NaCl 
pH  7.5  at  25°C.  The  buffer  contribution  was  subtracted  and  signals 
normalized  to  protein  concentrations. 

NMR  spectroscopy 

For  NMR,  KAP-1  PHD  domain  protein  concentration  ranged  from  1.5  to 
3.0  mM  in  20  mM  NaH2P04,  500  mM  NaCl,  5  mM  DTT  pH  7.5.  No 


spectral  changes  were  observed  in  this  sample  concentration  range.  For 
lH  NMR  of  KAP-1  PHD  mutants  (Figure  7),  protein  concentrations 
ranged  from  1.1  to  2.5  mM  in  20  mM  NaH2P04,  500  mM  NaCl,  5  mM 
DTT  pH  7.5.  Spectra  were  recorded  at  30°C  on  a  Bruker  DRX500 
spectrometer.  Sequential  assignments  were  obtained  using  3D  ]H/15N 
NOESY-HSQC,  3D  !H/I5N  HMQC-NOESY-HSQC  and  3D  3H/15N  total 
correlated  spectroscopy  (TOCSY)-HS QC  spectra.  Side-chain  resonances 
were  assigned  using  3D  W15 N  TOCSY-HSQC,  2D  ^-TOCSY  and  2D 
*H  double  quantum  filter  (DQF)-COSY  spectra.  Aromatic  protons  were 
assigned  though  2D  ^-TOCSY,  2D  3H-NOESY  and  2D  3H  DQF-COSY 
spectra  recorded  in  2H20.  2D  data  were  collected  and  analyzed  as 
described  (Borden  et  ciL,  1995a,b).  For  side-chain  and  aromatic 
assignments,  a  construct  with  no  His  tag  was  used.  3D  !H/15N  NOESY- 
HSQC  experiments  (with  mixing  times,  tm,  of  75  and  150  ms)  and  2D  3H- 
NOESY  experiments  (xm  of  75  and  150  ms)  were  also  used  for  obtaining 
interproton  distance  restraints.  §  angle  restraints  were  determined  based 
on  the  Vhn.hoc  coupling  constants  measured  in  a  3D  HNHA  experiment. 
Slowly  exchanging  amide  protons  were  identified  from  2D  15N-HSQC 
spectra  recorded  12  h  after  the  3H20  buffer  was  exchanged  for  2H20. 
Detailed  descriptions  of  these  experiments  along  with  their  original 
references  have  been  reviewed  elsewhere  (Clore  and  Gronenbom,  1994; 
Cavanagh,  1996).  All  NMR  data  were  processed  using  the  NMRpipe 
software  system  (Delaglio  et  al ,  1995)  and  analyzed  with  the  program 
NMRview  (Johnson  et  al ,  1994). 

Structure  calculations 

NOE-derived  distance  restraints  were  obtained  from  3D  3H/15N  NOESY- 
HSQC  spectra  and  2D  !H-NOESY  spectra.  The  intensities  of  NOE  cross¬ 
peaks  assigned  in  the  2D  3H-NOESY  and  the  3D  3H/15N  NOESY-HSQC 
spectra  were  classified  as  strong  (1. 8-3.0  A),  medium  (1. 8-4.0  A)  and 
weak  (1. 8-5.0  A)  using  secondary  structure  elements  for  calibration. 
Pseudo-atom  corrections  were  added  to  the  upper  distance  limit  when 
appropriate;  for  example,  2.4  and  1.0  A  were  added  to  methyl  and 
(3  methylene  protons,  respectively  (Wiithrich,  1986).  Dihedral  <j)  angle 
restraints  were  estimated  from  VnN.Ha  coupling  constants  obtained  from 
a  3D  HNHA  spectrum.  Vhn.hcx  <6  Hz  were  given  <j)  angle  restraints  of 
-60  ±  40°,  while  ^hn.hoc  >8  Hz  were  given  <j)  angle  restraints  of 
-120  ±  40°.  Additionally,  37hn.h«  coupling  constants  were  obtained 
from  highly  digitized  DQF-COSY  spectrum  in  3H20.  Values  obtained  for 
coupling  constants  from  the  two  methods  were  in  agreement.  Structures 
were  calculated  with  a  distance  geometry/simulated  annealing  protocol  in 
X-PLOR  v.  3.851  (Brunger,  1996).  Initial  structure  calculations  were 
performed  without  any  assumptions  about  zinc  coordination.  Initial 
structures  indicated  a  cross-brace  zinc  ligation  scheme  (see  Results  and 
discussion).  Subsequent  structure  calculations  included  zinc  atoms  with 
additional  distance  and  angle  constraints  to  maintain  the  tetrahedral 
bonding  geometry  of  the  sites  and  appropriate  bond  lengths  as  previously 
described  by  Neuhaus  et  al.  (1992).  Other  alternative  ligation  schemes 
were  tested  but  were  unable  to  satisfy  the  experimentally  derived 
constraints.  Structures  from  these  calculations  were  used  for  an 
automated,  iterative  assignment  of  remaining  NOEs  using  ARIA 
(Nilges,  1995;  Nilges  et  al ,  1997).  In  addition  to  NOE  data,  calculations 
used  a  total  of  six  hydrogen  bonds  and  20  §  dihedral  restraints.  Quality  of 
the  final  structures  was  assessed  using  PROCHECK-NMR  (Laskowski 
et  al ,  1996).  Figures  were  prepared  using  the  program  PREPI.  The 
coordinates  for  the  KAP-1  PHD  domain  have  been  deposited  in  the 
Protein  Data  Bank  under  accession  code  1FP0.  Chemical  shift 
information  is  available  upon  request. 

Sequence  and  structure  comparisons 

Structural  comparisons  and  r.m.s.d.  calculations  between  PHD,  PML 
(lbor)  and  IEEHV  (lchc)  were  performed  using  the  least  squares  fitting 
algorithm  LSQFIT.  The  graphical  overlays  were  viewed  using  PREPI. 
PREPI  and  LSQFIT  were  kindly  provided  by  S. Islam  and  M.Stemberg, 
Imperial  Cancer  Research  Fund.  Sequence  alignments  were  carried  out 
using  Clustal  W  1.7. 

Supplementary  data 

Supplementary  data  to  this  paper  are  available  at  The  EMBO  Journal 
Online. 
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Macromolecular  complexes  containing  histone  deacetylase  and  ATPase  activities  regulate  chromatin  dynamics 
and  are  vitally  responsible  for  transcriptional  gene  silencing  in  eukaryotes.  The  mechanisms  that  target  these 
assemblies  to  specific  loci  are  not  as  well  understood.  We  show  that  the  corepressor  KAP-1,  via  its  PHD  (plant 
homeodomain)  and  bromodomain,  links  the  superfamily  of  Kriippel  associated  box  (KRAB)  zinc  finger  proteins 
(ZFP)  to  the  NuRD  complex.  We  demonstrate  that  the  tandem  PHD  finger  and  bromodomain  of  KAP-1,  an 
arrangement  often  found  in  cofactor  proteins  but  functionally  ill-defined,  form  a  cooperative  unit  that  is 
required  for  transcriptional  repression.  Substitution  of  highly  related  PHD  fingers  or  bromodomains  failed  to 
restore  repression  activity,  suggesting  high  specificity  in  their  cooperative  function.  Moreover,  single  amino 
acid  substitutions  in  either  the  bromodomain  or  PHD  finger,  including  ones  that  mimic  disease-causing 
mutations  in  the  hATRX  PHD  finger,  abolish  repression.  A  search  for  effectors  of  this  repression  function 
yielded  a  novel  isoform  of  the  Mi-2ct  protein,  an  integral  component  of  the  NuRD  complex.  Endogenous 
KAP-1  is  associated  with  Mi-2a  and  other  components  of  NuRD,  and  KAP-l-mediated  silencing  requires 
association  with  NuRD  and  HDAC  activity.  These  data  suggest  the  KRAB-ZFP  superfamily  of  repressors 
functions  to  target  the  histone  deacetylase  and  chromatin  remodeling  activities  of  the  NuRD  complex  to 
specific  gene  promoters  in  vivo. 

[Key  Words :  KRAB-ZFPs;  repression;  PHD  finger;  bromodomain;  NuRD;  ATRX] 
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The  complement  of  transcription  factors  organized  at  a 
gene  promoter  integrates  different  transcriptional  regu¬ 
latory  signals  that  orchestrate  cellular  responses  such  as 
proliferation,  differentiation,  and  apoptosis.  Regulation 
of  RNA  polymerase  II  involves  a  complex  interplay  be¬ 
tween  DNA-protein  interactions  and  protein-protein  in¬ 
teractions.  Whereas  the  general  transcription  factors 
regulate  the  accurate  initiation  of  transcription,  proteins 
that  bind  gene-specific  DNA  elements  are  instrumental 
in  either  negatively  or  positively  regulating  the  rate  of 
transcription  (Orphanides  et  al.  1996;  Hampsey  and 
Reinberg  1999).  Studies  aimed  at  understanding  the 
mechanisms  of  transcriptional  regulation  by  site-specific 
factors  have  been  aided  by  the  realization  that  these  pro¬ 
teins  are  highly  modular  in  architecture.  In  addition  to 
sequence-specific  DNA  binding  domains,  these  proteins 
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possess  an  independent,  functionally  separable  effector 
domain  that  can  either  activate  or  repress  transcription. 
The  affects  of  sequence-specific  transcription  factors  in 
the  regulation  of  transcription  have  been  greatly  facili¬ 
tated  by  the  identification  of  cofactors  with  which  they 
bind  and  the  intrinsic  or  associated  biochemical  activi¬ 
ties  of  these  proteins.  It  is  clear  from  this  strategy  that 
these  proteins  possess  enzymatic  activities  which  either 
utilize  ATP  to  remodel  chromatin  structure  or  cova¬ 
lently  modify  the  amino-terminal  tails  of  the  core  his¬ 
tones,  creating  a  biochemical  code  that  regulates  gene 
transcription  of  chromatin  templates  (Tyler  and  Ka- 
donaga  1999;  Strahl  and  Allis  2000).  Thus,  sequence-spe¬ 
cific  repressor-corepressor  complexes  likely  serve  as 
scaffolds  for  the  assembly  of  macromolecular  complexes 
which  integrate  diverse  transcription  regulatory  signals. 

The  Kriippel  associated  box  (KRAB)  domain  is  one  ex¬ 
ample  of  an  abundant  amino  acid  sequence  motif  found 
at  the  N  terminus  of  nearly  one-third  of  all  Kriippel/ 
TFIIIA-type  C2H2  zinc  finger  proteins  (Bellefroid  et  al. 
1991).  This  highly  conserved  domain  displays  potent, 
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DNA-binding  dependent  repression  of  transcription  that 
requires  the  KAP-1  corepressor  (Margolin  et  al.  1994; 
Friedman  et  al.  1996;  Kim  et  al.  1996;  Moosmann  et  al. 
1996,  1997).  The  primary  amino  acid  sequence  of  KAP-1 
revealed  the  presence  of  several  conserved  signature  mo¬ 
tifs,  including  a  RING  finger,  B  boxes,  and  a  coiled-coil 
region  (RBCC),  which  collectively  form  an  integrated  do¬ 
main  that  is  both  necessary  and  sufficient  to  directly 
interact  with  the  KRAB  domain  (Fig.  1A)  (Peng  et  al. 
2000a, b).  The  C-terminal  sequence  of  KAP-1  revealed  a 
conserved  PHD  (plant  homeodomain)  finger  and  bromo- 
domain  (Fig.  1A).  This  particular  spatial  arrangement  of 
motifs  has  defined  an  emerging  family  of  transcriptional 
regulators  that  include  TIFla  and  TIFly  (Fig.  1A)  (Le 
Douarin  et  al.  1995;  Venturini  et  al.  1999).  All  members 
of  this  protein  family  have  been  shown  to  repress  tran¬ 
scription  when  tethered  to  DNA,  and  the  mechanisms 
by  which  they  repress  transcription  are  currently  being 
defined.  In  this  aspect,  a  direct  interaction  between 
KAP-1  and  mammalian  members  of  the  nonhistone 
chromosomal  protein,  heterochromatin  protein  1  (HP1) 
has  been  described  (Le  Douarin  et  al.  1996;  Nielsen  et  al. 
1999;  Ryan  et  al.  1999;  Lechner  et  al.  2000).  Biochemical 
studies  indicate  that  this  interaction  is  dependent  upon 
the  chromoshadow  domain  of  HP1  proteins  and  a  core, 
hydrophobic  pentapeptide  sequence  (PxVxL)  in  KAP-1 
(Lechner  et  al.  2000).  Furthermore,  indirect  immunoflu¬ 
orescence  studies  of  interphase  nuclei  indicated  that 
KAP-1  colocalizes  with  both  heterochroma  tic  and  eu- 
chromatic  HP1  proteins  (Ryan  et  al.  1999).  These  par¬ 
ticular  studies  suggest  that  the  KRAB-KAP-1  complex 
may  mediate  repression  in  part  via  the  maintenance  or 
initiation  of  heterochromatic  chromosomal  environ¬ 
ments.  Moreover,  it  remains  to  be  determined  what  role 
the  PHD  finger  and  bromodomain  possess  in  KAP-1  re¬ 
pression,  or  if  these  domains  integrate  additional  factors 
which  facilitate  HP1  recruitment  and  function. 

The  PHD  finger  and  bromodomain  are  two  highly  con¬ 
served  protein  motifs  found  in  an  increasing  number  of 
proteins  with  roles  in  regulating  transcription  via  modi¬ 
fication  of  chromatin  structure  (Aasland  et  al.  1995; 
Jeanmougin  et  al.  1997;  Winston  and  Allis  1999).  Fur¬ 
thermore,  these  two  motifs  are  commonly  linked  archi¬ 
tecturally  in  a  number  of  proteins  (Le  Douarin  et  al. 
1995,  1996;  Friedman  et  al.  1996;  Venturini  et  al.  1999; 
Bochar  et  al.  2000;  Jones  et  al.  2000a, b).  Although  a  spe¬ 
cific  function  for  the  PHD  finger  remains  to  be  fully 
described,  naturally  occurring  single  amino  acid  substi¬ 
tutions  in  the  PHD  finger  of  the  hATRX  and  AIRE1  pro¬ 
teins  predispose  individuals  to  a-thalassemia,  develop¬ 
mental  defects,  and  autoimmune  disease,  respectively 
(Gibbons  et  al.  1997;  Bjorses  et  al.  2000).  These  observa¬ 
tions  emphasize  the  biological  importance  of  this  do¬ 
main  in  the  functions  of  these  proteins.  On  the  other 
hand,  structural  and  biochemical  studies  of  three  inde¬ 
pendent  bromodomains  clearly  establish  a  role  for  this 
domain  in  the  molecular  recognition  of  the  N  termini  of 
acetylated  histone  tails  (Dhalluin  et  al.  1999;  Jacobson  et 
al.  2000;  Owen  et  al.  2000).  Moreover,  mutations  that 
specifically  disrupt  the  bromodomain/acetyl-histone  in¬ 


teraction  have  been  shown  to  functional  impair  the  tran¬ 
scriptional  regulatory  activities  of  these  proteins  in  vivo 
(Cairns  et  al.  1999;  Sterner  et  al.  1999;  Syntichaki  et  al. 
2000). 

To  understand  the  molecular  role  of  the  PHD  finger 
and  bromodomain  in  KAP-1 -mediated  transcriptional  re¬ 
pression,  we  have  used  a  biochemical  approach  to  iden¬ 
tify  effector  functions  of  this  bipartite  domain.  Our  data 
suggest  that  the  spatial  conservation  of  these  motifs  is 
essential  for  optimal  protein  function.  These  data  are 
consistent  with  the  PHD  finger  and  bromodomain  pro¬ 
viding  an  interface  for  protein-protein  interactions,  and 
therefore  may  have  broad  implications  in  understanding 
the  function  of  proteins  that  maintain  this  particular 
spatial  arrangement  of  motifs.  Comparative  analyses  of 
proteins  containing  these  two  motifs  indicate  that  this 
bipartite  domain  is  not  functionally  equivalent  among 
all  proteins.  Thus,  it  is  likely  that  the  function  of  this 
integrated  domain  will  be  dependent  upon  those  associ¬ 
ated  proteins  that  specifically  interact  with  KAP-1  se¬ 
quences.  The  interaction  of  KAP-1  with  Mi-2a  is  consis¬ 
tent  with  this  hypothesis  and  implies  a  role  for  histone 
deacetylases  in  transcriptional  repression  mediated  by 
the  KRAB-ZFP-KAP- 1  repressor/corepressor  system. 
Moreover,  the  estimated  300  to  700  KRAB  zinc  finger 
proteins  in  the  human  proteome  would  serve  as  an  ef¬ 
fective  sequence-specific  targeting  mechanism  for  the 
histone  deacetylase  complex  NuRD  to  gene  promoters  in 
vivo. 

Results 

Several  pieces  of  evidence  indicate  that  KAP-1  functions 
as  a  transcriptional  corepressor  for  the  KRAB  repression 
module,  including  an  intrinsic  ability  to  repress  tran¬ 
scription  when  directly  tethered  to  DNA  templates 
(Friedman  et  al.  1996;  Moosmann  et  al.  1996;  Agata  et  al. 
1999;  Nielsen  et  al.  1999;  Ryan  et  al.  1999).  To  identify 
regions  of  KAP-1  which  are  required  for  its  transcrip¬ 
tional  repression  function,  we  have  engineered  a  series  of 
KAP-1  deletion  mutants  with  the  heterologous  GAL4 
DNA  binding  domain  to  grossly  map  repression  domains 
(Fig.  IB).  Each  heterologous  fusion  protein  was  tested  for 
stable  expression  and  nuclear  localization  in  COS1  cells 
(Fig.  1C;  data  not  shown).  Nuclear  extracts  prepared  from 
COS1  cells  transfected  with  each  construct  demon¬ 
strated  GAL4  DNA  binding  activity  in  vitro  (data  not 
shown).  In  general,  amino  acids  C-terminal  to  the  RBCC 
region  define  at  least  two  independent  repression  do¬ 
mains  within  KAP-1  that  appear  to  be  additive  in  nature 
in  order  to  obtain  maximal  levels  of  transcriptional  re¬ 
pression.  One  of  these  domains  includes  the  recently  de¬ 
fined  HP1  binding  domain  of  KAP-1  (Ryan  et  al.  1999; 
Lechner  et  al.  2000).  Optimal  repression  of  transcription 
was  dependent  upon  the  PHD  finger  and  bromodomain. 
When  autonomously  tethered  to  DNA,  these  two  motifs 
demonstrated  a  significant  level  of  repression,  suggesting 
that  they  can  function  as  an  independent  repression  do¬ 
main  (Fig.  IB).  This  repression  activity  was  DNA  bind¬ 
ing-dependent,  dose-dependent,  and  universal  for  all  pro- 
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figure  1.  Analysis  of  the  intrinsic  repression  activity  of  KAP-1  indicates  that  the  PHD  finger  and  bromodomain  are  required  and 
sufficient  to  repress  transcription.  (A)  Schematic  illustration  of  the  KAP-1/TIF1  family  of  transcriptional  regulators.  The  KRAB  binding 
domain  in  KAP-1  is  indicated.  (Striped  box)  TIF  signature  sequence  (TSS),  (black  box)  HP1  binding  domain  (HP1BD),  (thin  black  line) 
nuclear  hormone  receptor  interaction  domain.  (B)  Schematic  illustration  of  the  heterologous  GAL4-KAP-1  constructs,  as  defined  by 
the  amino  acid  numbers  at  the  left.  The  intrinsic  repressor  activity  of  KAP-1  was  measured  in  a  transient  assay,  using  a  minimal 
TK-luciferase  reporter  template  regulated  by  five  consensus  GAL4  UAS.  All  experiments  were  done  in  NIH/3T3  cells  with  0.5  pg  of 
reporter  plasmid  and  5  pg  of  the  indicated  heterologous  GAL4-KAP-1  construct.  Fold  repression  represents  the  ratio  of  luciferase 
activity  measured  for  the  reporter  alone  to  the  activity  measured  in  the  presence  of  the  indicated  effector  proteins  after  normalization 
for  transfection  efficiency.  Error  bars  represent  the  standard  deviation  for  three  independent  transfections.  Absence  of  error  bars 
indicates  a  standard  deviation  too  small  to  physically  illustrate.  (C)  Each  plasmid  was  tested  for  stable  protein  expression  via 
transfection  into  COS1  cells  followed  by  immunoprccipitation  of  [“Sjmcthionine-labeled  whole  cell  extracts  with  anti-GAL4  (DBD) 
IgG  (1  pgl-  (D)  Overexpression  of  the  KAP-1  PHD  finger  and  bromodomain  (amino  acids  619  to  835)  demonstrated  a  dose-dependent 
dominant  effect  on  GAL4-KRAB-  and  GAL4-KAP-1  -mediated  transcriptional  repression.  Transcriptional  effects  were  monitored  in  a 
transient  assay  in  which  0.5  pg  of  the  5x-GAL4  UAS-SV40  luciferase  reporter  and  the  indicated  amounts  of  expression  plasmids 
transfected  into  NIH/3T3  cells.  Fold  repression  was  calculated  as  described.  Expression  of  the  dominant  negative  protein  was  con¬ 
firmed  in  COS1  cells  (data  not  shown). 
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moters  tested,  including  the  SV40  immediate  early  en¬ 
hancer,  the  adenovirus  major  late  promoter,  and  a 
minimal  genomic  promoter  fragment  of  the  DNA  poly¬ 
merase  (3  gene  (data  not  shown).  Neither  the  PHD  finger 
nor  the  bromodomain  could  independently  recapitulate 
this  repression  activity,  indicating  that  these  two  motifs 
function  cooperatively  to  repress  transcription  (Fig.  IB). 
Furthermore,  expression  of  the  segment  encoding  the 
PHD  finger  and  bromodomain  of  KAP-1  relieved  both 
GAL4-KRAB  and  GAL4-KAP-1  directed  repression,  sug¬ 
gesting  that  repression  by  this  bipartite  domain  is  medi¬ 
ated  by  at  least  one  or  more  titratable  effector  molecules 
(Fig.  ID).  The  combination  of  these  data  suggests  that 
the  PHD  finger  and  bromodomain  of  KAP-1  function  as 
an  integrated  unit  to  facilitate  repression  of  transcription 
by  KAP-1.  Moreover,  these  data  implicate  an  additional 
repression  mechanism  that  is  independent  of  the  recruit¬ 
ment  of  HP1  proteins  (Ryan  et  al.  1999;  Lechner  et  al. 
2000). 


Comparative  analysis  of  the  KAP-1  PHD  finger 
and  bromodomain  with  domains  from  related  proteins 

Because  the  KAP-1  orthologs,  TIFla  and  TIFI7,  have 
been  reported  to  function  as  transcriptional  repressors, 
we  compared  the  repression  properties  of  the  PF1D  finger 
and  bromodomain  of  all  three  family  members.  To  di¬ 
rectly  test  this  hypothesis,  we  have  constructed  heter¬ 
ologous  fusions  between  the  GAL4  DNA  binding  do¬ 
main  and  the  PHD  finger  and  bromodomains  of  TIFla, 
TIFly,  and  WCRF180  (Bochar  et  al.  2000)  (Fig.  2A).  In 
addition,  we  engineered  chimeric  proteins  in  which  ei¬ 
ther  the  PHD  finger  or  bromodomain  of  TIFla,  TIFly, 
hATRX,  Mi-2a,  WCRF180,  or  hGCNS  were  substituted 
for  the  KAP-1  sequences  in  order  to  address  the  specific¬ 
ity  of  the  repression  activity  displayed  by  this  bipartite 
domain  (Fig.  2A).  Stable  expression  and  nuclear  localiza¬ 
tion  of  each  chimeric  fusion  protein  were  confirmed  in 
COS1  cells  (Fig.  2B  and  data  not  shown).  Nuclear  ex- 
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Figure  2.  Heterologous  chimeric  fusions  of  related  PHD  fingers  or 
bromodomains  to  KAP-1.  (A)  Schematic  illustration  of  chimeric  fu¬ 
sion  proteins  engineered.  The  chimeric  fusion  proteins  possess  the 
following  amino  acid  sequences  of  the  individual  proteins,  respec¬ 
tively:  TIFla/KAP-1  (815-876/680-835),  TIFly/KAP-1  (880-941/ 
680-835),  ATRX/KAP-1  (210-283/680-835),  Mi-2a/KAP-l  (372^123/ 
680-835),  WCRF180/KAP-1  (1141-1205/680-835),  KAP-l/TIFla 
(619-679/877-1016),  KAP-l/TIFly  (619-679/942-1 120),  KAP-1/ 
GCN5  (619-679/714-837),  and  KAP-1 /WCRF  180  (619-679/1389- 
1556).  All  experiments  were  done  in  NIH/3T3  cells,  as  described  in 
Fig.  1.  (White  bars)  Natural  PHD  finger/bromodomain  fusions,  (black 


bars)  chimeras  with  the  KAP-1  bromodomain,  (gray  bars)  chimeras 
IP:  Anti-GAL4  (DBD)  with  the  KAP-1  PHD  finger.  (£)  Each  plasmid  was  tested  for  stable 

protein  expression  via  transfection  into  COS1  cells  followed  by  im- 
munoprecipitation  of  [35S]methionine-labeled  whole  cell  extracts  with  anti-GAL4  (DBD)  IgG  (1  pg).  (Arrow)  the  migration  of  the 
heterologous  GAL4-WCRF 1 80  PHD  finger/bromodomain,  (asterisk)  a  nonspecific  band  retained  during  the  immunoprecipitation. 
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tracts  prepared  from  COS1  cells  transfected  with  each 
construct  demonstrated  GAL4  DNA  binding  activity  in 
vitro  (data  not  shown).  When  tethered  to  DNA,  the  PHD 
finger  and  bromodomain  of  TIFla  demonstrated  a  poten¬ 
tial  to  activate  transcription  of  the  reporter  template, 
whereas  the  PHD  finger  and  bromodomain  of  TIFly  and 
WCRF180  each  failed  to  demonstrate  any  appreciable  po¬ 
tentiation  of  transcription  (Fig.  2A).  Heterologous  sub¬ 
stitution  of  the  KAP-1  PHD  finger  or  bromodomain  with 
similar  sequences  from  other  transcriptional  regulators 
failed  to  completely  complement  the  repression  activity 
of  the  wild- type  KAP-1  PHD  finger  and  bromodomain 
(Fig.  2A).  Interestingly,  when  the  bromodomain  of  KAP-1 
was  tethered  with  the  PHD  finger  of  TIFla,  the  chimeric 
protein  functioned  to  repress  transcription  from  the  re¬ 
porter  template.  In  general,  the  KAP-1  bromodomain, 
when  fused  to  any  PHD  finger,  slightly  enhanced  the 
repression  potential  of  the  chimeric  protein,  suggesting 
that  the  bromodomain  of  KAP-1  is  essential  in  mediating 
specific  interactions  with  effectors  that  promote  repres¬ 
sion  of  transcription  (Fig.  2A).  The  combination  of  these 
data  provides  additional  support  that  the  PHD  finger  and 
bromodomain  of  KAP-1  function  as  an  integrated  func¬ 
tional  unit  to  specifically  repress  transcription.  The  data 
also  imply  that  not  all  PHD  fingers  and  bromodomains 
are  functionally  equivalent,  despite  demonstrating  ho¬ 
mology  in  the  primary  amino  acid  sequence.  Further¬ 
more,  the  spatial  conservation  of  these  two  motifs  archi¬ 
tecturally  in  proteins  is  not  sufficient  to  infer  a  common 
function  for  this  bipartite  domain. 

Mutational  analysis  of  the  KAP-1  PHD  finger 
and  bromodomain  in  repression 

In  order  to  correlate  the  molecular  relationship  between 
amino  acids  in  the  PHD  finger  and  bromodomain  and 
transcriptional  repression,  we  have  used  a  site-directed 
mutagenesis  approach.  All  amino  acid  substitutions 
were  made  in  the  context  of  the  heterologous  GAL4- 
PHD  finger/bromodomain  fusion  protein.  Stable  expres¬ 
sion  and  nuclear  localization  of  all  heterologous  fusion 
proteins  were  confirmed  in  COS1  cells  (Fig.  3C  and  data 
not  shown).  Nuclear  extracts  prepared  from  COS1  cells 
transfected  with  each  construct  demonstrated  GAL4 
DNA  binding  activity  in  vitro  (data  not  shown).  The  ef¬ 
fect  of  each  mutation  on  the  repression  properties  of  this 
bipartite  domain  was  determined  in  DNA-template 
based  assays.  As  an  initial  strategy,  we  have  targeted 
amino  acid  residues  in  the  PHD  finger  of  KAP-1  (C628R, 
V630S,  C651F,  P654C,  and  Q657E;  Fig.  3 A)  which  spa¬ 
tially  parallel  the  position  of  naturally  occurring  muta¬ 
tions  in  hATRX  that  confer  an  inherited  susceptibility  to 
developmental  defects  (Gibbons  et  al.  1997).  As  illus¬ 
trated  in  Figure  3D,  the  C628R  and  C651F  mutations 
significantly  impaired  the  repression  activity  of  this  do¬ 
main,  whereas  the  P654C  mutation  demonstrated  an  in¬ 
termediate  effect.  Each  of  these  three  amino  acids  is 
highly  conserved  in  the  core  consensus  sequence  of  the 
PHD  finger  (Fig.  3A).  The  solution  structure  of  the 
KAP-1  PHD  finger  indicates  that  these  amino  acids  bind 


zinc  in  a  cross-brace  topology  between  anti-parallel 
(3-strands  reminiscent  of  RING  domains  (Capili  et  al. 
2001).  Both  C628  and  C651  are  critical  amino  acids  in 
the  coordination  of  zinc  that  forms  Site  I.  Chemical  and 
physical  characterization  of  the  C651F  mutation  in  the 
KAP-1  PHD  finger  results  in  an  unstructured  protein. 
The  P654  residue  is  positioned  two  amino  acids  down¬ 
stream  from  metal  ligand-6,  which  completes  site  I  zinc 
chelation.  Introduction  of  an  extra  cysteine  at  this  posi¬ 
tion  may  introduce  a  new  metal  ligand.  Indeed,  the 
chemical  and  physical  properties  of  this  mutant  protein 
are  consistent  with  an  unstructured  protein.  The  V630S 
and  Q657E  mutations  had  minimal  effects  on  repression. 
This  effect  may  not  be  entirely  surprising,  as  these 
amino  acids  are  less  conserved  and  therefore  represent 
residues  that  mediate  context-specific  interactions.  In 
addition  to  these  disease-related  mutations,  we  have  sys¬ 
tematically  analyzed  the  role  of  both  conserved  and  non- 
conserved  amino  acid  residues  of  the  PHD  finger  (Fig. 
3 A)  in  KAP-1 -mediated  transcriptional  repression  (Capili 
et  al.  2001).  In  general,  the  ability  of  the  KAP-1  PHD 
domain  to  bind  zinc  and  maintain  the  hydrophobic  core 
are  both  required  for  its  proper  folding  and  ability  to 
function  in  transcriptional  repression. 

We  also  used  the  information  provided  by  the  struc¬ 
ture  of  the  pCAF  bromodomain  to  design  six  indepen¬ 
dent  mutations  in  each  of  the  four  a-helices  and  one 
mutation  in  the  variable  loop  region  between  helix  Z  and 
helix  A  of  the  KAP-1  bromodomain  (Fig.  3B).  As  illus¬ 
trated  in  Figure  3D,  mutations  in  helix  B  (F761A)  and 
helix  C  (DD  778,781AA,  trunc  781,  and  F791E)  signifi¬ 
cantly  impaired  transcriptional  repression.  The  S730I 
mutation  in  the  variable  loop  region  between  helix  Z  and 
helix  A  also  displayed  an  intermediate  effect  on  the  re¬ 
pression  potential  of  this  domain,  reaffirming  the  poten¬ 
tial  role  for  this  region  in  macromolecular  recognition 
(Fig.  3D).  Overall,  the  data  from  this  mutational  analysis 
are  consistent  with  the  PHD  finger  and  bromodomain  of 
KAP-1  functioning  cooperatively,  as  independent  muta¬ 
tions  in  either  domain  can  significantly  disrupt  the  in¬ 
trinsic  repression  potential  of  this  bipartite  domain.  One 
interpretation  of  these  data  is  that  these  two  motifs  pro¬ 
vide  an  interface  for  protein-protein  interactions  with 
downstream  effectors  of  transcriptional  repression. 


Identification  of  downstream  effectors  of  KAP-1 
PHD/bromodomain-mediated  transcriptional  repression 

To  identify  potential  mechanisms  of  transcriptional  re¬ 
pression  directed  by  the  KAP-1  PHD  finger  and  bromo¬ 
domain,  a  heterologous  fusion  between  the  LEXA  DNA 
binding  domain  and  the  PHD  finger  and  bromodomain  of 
KAP-1  was  used  as  bait  in  a  yeast  two-hybrid  screen.  To 
confirm  the  specificity  of  any  potential  protein  interac¬ 
tions  identified  in  this  screen,  we  utilized  several  of  the 
amino  acid  substitutions  engineered  for  the  structure/ 
function  analysis  of  this  bipartite  domain.  Appropriate 
expression  of  the  heterologous  fusion  proteins  was  con¬ 
firmed  by  Western  blot  analysis,  and  bait  proteins  dis- 
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Figure  3.  Mutations  in  the  PHD  finger  and  bromodomain  significantly  impair  the  intrinsic  repression  activity  of  this  integrated 
transcriptional  repression  domain.  (A)  Amino  acid  sequence  alignment  of  the  KAP-1  PHD  finger  with  related  sequences  from  15 
independent  proteins.  The  numbers  in  brackets  indicate  the  corresponding  amino  acids  in  each  protein.  Strictly,  conserved  amino  acids 
are  shaded  in  black.  Boxed  amino  acids  are  those  in  which  the  chemical  nature  of  the  side  chain  has  been  conserved.  Asterisks  indicate 
amino  acids  that  were  mutated  to  match  naturally  occurring  mutations  in  the  hATRX  protein  (Gibbons  et  al.  1997).  Each  mutation 
was  made  in  the  context  of  the  GAL4-KAP-1  (619-835)  expression  construct.  [B]  Amino  acid  sequence  alignment  of  the  KAP-1 
bromodomain  with  related  sequences  from  TIFla,  TiFly,  WCRF180,  hGCN5,  yGCN5,  hTAFII250,  and  pCAF.  Schematic  illustration 
of  the  secondary  structure  and  relevant  position  of  each  structural  element  in  the  bromodomain  sequence  are  indicated  above.  Amino 
acid  residues  that  have  been  conserved  or  where  the  chemical  nature  of  the  side  chain  has  been  maintained  are  shaded  in  black. 
Asterisks  mark  the  amino  acids  that  were  mutated  in  this  study.  The  arrow  identifies  the  position  of  the  781trunc  mutation.  Each 
mutation  was  made  in  the  context  of  the  GAL4-KAP-1  (619-835)  expression  construct.  Bolded  amino  acids  in  the  pCAF  sequence  are 
those  mutated  in  the  study  by  Dhalliun  et  al.  (1999).  (Filled  circles)  Amino  acids  in  the  crystal  structure  that  contact  the  acetyl  moiety 
of  acetylated  histones  (Owen  et  al.  2000).  (Open  circles)  Amino  acids  in  the  crystal  structure  that  contact  the  amide  backbone  of 
histone  H4  (Owen  et  al.  2000).  (C)  Schematic  diagram  of  the  lucif erase  reporter  and  the  heterologous  GAL4-effector  plasmid.  Stable 
expression  of  each  protein  was  determined  via  transfection  into  COS1  cells  followed  by  immunoprecipitation  of  [35S]methionine- 
labeled  whole  cell  extracts  with  anti-GAL4  (DBD)  IgG  (1  pg).  (D)  All  experiments  were  done  in  NIH/3T3  cells,  as  described  in  Fig.  1. 
(Black  bars)  PFID  finger  mutations,  (gray  bars)  bromodomain  mutations. 
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played  no  ability  to  self-activate  the  selection  promoters 
(data  not  shown). 

From  40  million  library  transformants,  four  different 
gene  products  were  recovered  based  on  coactivation  of 
both  the  integrated  LEXA-responsive  His3  and  LacZ  re¬ 
porter  genes.  The  nucleotide  sequence  of  three  indepen¬ 
dent  transformants  of  one  gene  product  indicated  that 
each  clone  possessed  an  identical  fusion  junction  to  the 
GAL4  activation  domain  and  that  the  sequence  was 
identical  to  the  3'  nucleotide  sequence  of  the  dermato- 
myositis-specific  autoantigen,  Mi-2a/CHD3.  Upon  rein- 
troduction  into  yeast,  this  GAL4  activation  domain  fu¬ 
sion  protein  displayed  robust  ability  to  activate  the  LacZ 
reporter  with  the  wild-type  LEXA-KAP-1  fusion  protein 
(Fig.  4A),  but  failed  to  activate  the  reporter  with  other 
irrelevant  test  baits  (data  not  shown).  Two  PHD  finger 
mutants  (V630S  and  G635A)  that  demonstrated  nearly 
wild-type  levels  of  transcriptional  repression  activity 
also  displayed  the  ability  to  activate  the  LacZ  reporter 
(Fig.  4A).  In  contrast,  PHD  finger  mutants  CC628, 
631AA,  C651F,  and  W664A,  which  possess  impaired  re¬ 
pression  activity,  either  failed  to  activate  these  reporters 
or  activated  with  reduced  efficiency  (Fig.  4A).  This  puta¬ 
tive  protein-protein  interaction  was  also  observed  to  be 
dependent  on  an  intact  bromodomain,  as  the  781  trun¬ 
cation  mutation  displayed  reduced  affinity  for  the  Mi-2a 
in  the  two-hybrid  assay  (Fig.  4A).  These  observations  are 
completely  consistent  with  the  transcriptional  effects 
observed  in  transient  transfection  assays  (Fig.  3D)  in 
which  the  repression  activity  was  dependent  upon  both 
domains.  Furthermore,  mutations  in  either  the  PHD  fin¬ 
ger  or  the  bromodomain  were  independently  sufficient 
to  ablate  the  repression  function  of  this  bipartite  do¬ 
main.  The  combination  of  these  results  strengthens  the 
argument  that  the  PHD  finger  and  bromodomain  of 
KAP-1  function  as  an  integrated  functional  unit  which 
provides  an  interface  for  protein-protein  interactions 
with  molecules  that  facilitate  repression  by  the  KRAB- 
KAP-1  complex. 

Mi-2a/CHD3  is  a  member  of  the  CHD  family  of  pro¬ 
teins  which  were  named  based  on  the  possession  of  sev¬ 
eral  signature  motifs,  that  is,  chromodomains,  ATPase/ 
helicases,  and  DNA  binding  modules  (Delmas  et  al. 
1993;  Woodage  et  al.  1997).  Mi-2a/CHD3  is  closely  re¬ 
lated  to  the  Mi-2(3/CHD4  protein.  Comparison  of  the 
amino  acids  in  the  putative  KAP-1  interaction  domain  of 
Mi-2a/CHD3  with  Mi-2p/CHD4  revealed  that  these  two 
proteins  are  80%  identical,  yet  all  three  KAP-1  interact¬ 
ing  clones  rescued  in  this  screen  possessed  sequence  spe¬ 
cific  to  Mi-2a/CHD3.  Based  on  the  sequences  of  these 
clones,  amino  acids  1686  to  2000  harbor  the  minimal 
KAP-1  interaction  domain  (KID)  (Fig.  4B).  This  sequence 
encodes  a  protein  with  an  additional  30  amino  acids  at 
the  C  terminus  of  the  protein  that  are  not  present  in  the 
putative  protein  described  by  Woodage  et  al.  (1997)  for 
CHD3  (accession  no.  AF006515),  yet  the  remainders  of 
the  two  sequences  were  identical  (Fig.  4C).  To  test  the 
functional  significance  of  the  novel  30  amino  acids  con¬ 
tained  in  our  rescued  clones  versus  the  C-terminal  se¬ 
quence  reported  for  CHD3,  and  the  ability  of  Mi-2p/ 


CHD4  to  interact  with  KAP-1,  we  engineered  fusions  of 
these  C-terminal  sequences  with  the  GAL4  activation 
domain,  respectively  (Fig.  4B).  Upon  introduction  into 
yeast,  the  wild-type  LEXA-PHD/bromodomain  fusion  of 
KAP-1  displayed  no  activation  of  the  LacZ  reporter  for 
either  protein,  indicating  that  the  C  termini  of  these  two 
proteins,  CHD3  and  Mi-2p/CHD4,  are  not  functionally 
equivalent  to  the  Mi-2a  sequence  we  rescued  in  the  two- 
hybrid  screen  (Fig.  4B).  Closer  inspection  of  the  C-termi- 
nal  amino  acid  residues  revealed  that  Mi-2a/CHD3 
quickly  diverges  from  Mi-2p/CHD4  starting  at  amino 
acid  1909  and  continues  for  an  additional  91  novel  amino 
acids  (Fig.  4C).  It  is  these  amino  acid  residues  that  most 
likely  confer  the  specificity  of  the  Mi-2a/CHD3  interac¬ 
tion  with  KAP-1. 

The  Mi-2  family  of  proteins  has  been  described  as  an 
integral  component  of  a  high  molecular  weight  multi¬ 
protein  complex  containing  histone  deacetylase  activity 
(Tong  et  al.  1998;  Wade  et  al.  1998;  Xue  et  al.  1998; 
Zhang  et  al.  1998a;  Kim  et  al.  1999).  We  have  generated 
polyclonal  antibodies  against  a  unique  antigen  in  Mi-2a 
(amino  acids  1515  to  1708,  accession  no.  3298562).  West¬ 
ern  blot  analysis  of  conventionally  purified  NuRD  from 
a  0.5  M  phosphocellulose  fractionated  HeLa  nuclear  ex¬ 
tract  with  these  Mi-2a-specific  antibodies  demonstrated 
little  immunoreactivity  (Fig.  5A,B),  consistent  with  pre¬ 
vious  observations  that  no  peptides  sequences  specific 
for  Mi-2a  were  identified  in  these  purifications.  Since  all 
the  peptide  sequences  reported  for  the  NuRD/NRD  com¬ 
plex  were  specific  for  Mi-2(3,  this  observation  suggested 
that  Mi-2a  might  exist  in  an  independent  protein  com¬ 
plex.  Western  blot  analysis  of  phosphocellulose  fraction¬ 
ated  HeLa  nuclear  extract  revealed  that  the  majority  of 
Mi-2a  eluted  in  the  1.0  M  fraction,  while  Mi-2(3  elutes 
evenly  between  the  0.5  M  and  1.0  M  fractions.  KAP-1  is 
an  abundant  nuclear  protein  that  demonstrated  near 
equal  elution  in  all  phosphocellulose  fractions  (Fig.  5A). 

To  verify  an  interaction  in  vivo  between  KAP-1  and 
Mi-2a,  we  used  coimmunoprecipitation  experiments  of 
endogenous  proteins  from  the  1.0  M  phosphocellulose 
fraction  to  maximize  the  chance  to  observe  an  interac¬ 
tion  between  these  two  proteins.  Western  blot  analysis 
of  Mi-2a  immunoprecipitates  revealed  the  retention  of 
both  HDAC1  and  RbAp48,  indicating  that  Mi-2a  likely 
exists  is  some  NuRD-like  complex  (Fig.  5B).  Two  inde¬ 
pendent  antibodies  against  nonoverlapping  antigens  of 
KAP-1  specifically  coprecipitated  Mi-2a,  HDAC1,  and 
RbAp48  (Fig.  5B).  None  of  these  polypeptides  was  ob¬ 
served  in  immunoprecipitates  with  preimmune  IgG,  and 
no  immunoreactivity  for  Mi-2p  was  observed  in  these 
immunoprecipitates,  consistent  with  our  observation  in 
the  two-hybrid  screen.  This  result  demonstrates  an  as¬ 
sociation  between  KAP-1  and  Mi-2a  in  vivo.  The  signifi¬ 
cance  of  the  association  of  KAP-1  exclusively  with  the 
faster  migrating  species  in  the  Mi-2a  immunoprecipi¬ 
tates  is  unclear  at  this  time.  Although  this  species  is  not 
abundant  in  the  input,  it  does  represent  a  major  form  of 
Mi-2a  in  the  self-immunoprecipitate  and  may  represent 
a  degradation  product.  Furthermore,  it  is  possible  that 
this  protein  represents  an  alternatively  spliced  transcript 
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Figure  4.  The  PHD  finger  and  bromodomain  of  KAP-1  specifically  interact  with  the  C-terminal  amino  acids  of  Mi-2ot/CHD3.  (A)  The 
yeast  strain  L40  cotransformed  with  the  indicated  KAP-1  mutants  as  LEXA  DNA  binding  domain  fusions  and  the  rescued  Mi-2a-ct. 
GAL4  activation  domain  clone  (KIP54).  Positive  interaction  is  inferred  by  blue  yeast  due  to  the  activation  of  the  integrated  LEXA 
responsive  LacZ  reporter  gene  and  subsequent  hydrolysis  of  the  synthetic  substrate  X-gal.  ( B )  The  interaction  between  KAP-1  and  Mi-2 
is  specific  for  the  C  terminus  of  a  unique  isoform  of  Mi-2a.  Schematic  illustration  of  Mi-2a  and  Mi-2p.  Mi-2a/CHD3  is  a  member  of 
the  CHD  family  of  proteins  which  are  characterized  by  the  seven  signature  motifs  of  a  "DEAH"  box  ATPase/Helicase.  Other  signature 
motifs  include  two  PHD  fingers  (light  gray  hexagons),  two  chromodomains  (black  circles).  Percentages  represent  percent  identity 
between  the  two  proteins  at  the  indicated  motifs.  The  putative  KAP-1  interaction  domain  (KID)  is  indicated.  In-frame  fusion  between 
the  C-terminal  sequences  of  hMi-2a  (accession  no.  3298562),  hCHD3  (accession  no.  2645433),  hMi-2p/CHD4  (accession  no.  1 107696) 
was  designed  with  the  GAL4  activation  domain.  Numbers  represent  the  corresponding  amino  acid  in  the  respective  sequences.  L40 
yeast  cotransformed  with  the  indicated  GAL4  activation  domain  fusion  proteins  and  the  wild- type  LEXA  KAP-1  PHD  finger  and 
bromodomain  illustrated  the  specificity  of  this  interaction  for  Mi-2a.  (C)  Amino  acid  sequence  alignment  of  the  C-terminal  residues 
schematically  depicted  in  B.  Identical  residues  indicated  in  black.  Boxed  amino  acids  are  unique  to  Mi-2a. 


GENES  &  DEVELOPMENT 


435 


Schultz  et  al. 


of  the  Mi-2a  gene,  which  has  been  reported  previously. 
Whatever  the  nature  of  this  species,  it  does  not  appear  to 
disrupt  the  association  of  KAP-1  with  Mi-2a,  HDAC1  or 
RbAp48. 

To  determine  the  specificity  of  this  interaction  in 
vivo,  we  transiently  transfected  293  cells  with  a  Flag- 
tagged  wild-type  KAP-1  or  a  Flag-tagged  delta  PHD/bro- 
modomain  construct,  KAP-1  (618).  Anti-FLAG  immuno- 
precipitates  revealed  the  specific  retention  of  endog¬ 
enous  Mi-2a  with  the  wild-type,  full-length  KAP-1 


protein,  but  not  with  the  delta  PHD/bromodomain 
KAP-1  or  LacZ  proteins  (Fig.  5C).  This  result  demon¬ 
strates  that  the  association  of  KAP-1  with  Mi-2a  specifi¬ 
cally  requires  sequences  in  the  PHD  finger  and  bromo- 
domain. 

In  order  to  evaluate  the  role  of  Mi-2a  in  KAP-1 -medi¬ 
ated  transcriptional  repression,  we  chose  to  disrupt  en¬ 
dogenous  KAP-l/Mi-2a  interactions  by  expressing  a 
dominant  negative  protein  corresponding  to  amino  acids 
1686  to  2000  of  Mi-2a  (Fig.  5D).  Expression  of  these 
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amino  acids  dominantly  inhibited  heterologous  KRAB- 
mediated  repression  of  a  DNA  template  in  a  dose-depen¬ 
dent  manner  (Fig.  5D).  The  same  effect  was  observed  for 
heterologous  KAP-1 -directed  repression.  Expression  of 
the  dominant  negative  protein  had  little  effect  on  the 
basal  activity  of  the  minimal  TK  promoter,  the  activity 
obtained  in  combination  with  other  non-KRAB  related 
repression  domain  fusions,  or  compromised  the  activity 
of  the  VP  16  activation  domain  (Fig.  5D).  Because  Mi-2a 
has  been  described  as  an  integral  component  of  a  high- 
molecular- weight  multiprotein  complex  containing  his¬ 
tone  deacetylase  activity,  we  tested  whether  the  addition 
of  trichostatin  A  (TSA)  could  reverse  the  repression  ac¬ 
tivity  of  the  KAP-1  PHD  finger  and  bromodomain.  Figure 
5E  illustrates  that  the  addition  of  300  nM  TSA  partially 
reversed  KAP-1  PHD/bromodomain-mediated  repression 
of  three  independent  promoters.  These  data  provide  evi¬ 
dence  that  Mi-2a  and  histone  deacetylases  may  be  one 
potential  downstream  effector  of  the  KRAB-ZFP-KAP- 1 
repressor-corepressor  complex  in  vivo. 

Discussion 

The  recruitment  of  cofactors  by  DNA-bound  transcrip¬ 
tion  factors  has  evolved  as  a  common,  highly  conserved 
mechanism  of  transcriptional  regulation.  Transcription 
factor-mediated  recruitment  permits  gene-specific  tar¬ 
geting  of  coactivator/corepressor  complexes  with  intrin¬ 
sic  or  associated  chromatin  modifying/remodeling  com¬ 
plexes.  We,  and  others,  have  previously  identified  a  uni¬ 
versal  corepressor,  KAP-1,  which  binds  to  the  KRAB 
repression  module  (Friedman  et  al.  1996;  Kim  et  al.  1996; 
Moosmann  et  al.  1996).  Structurally,  KAP-1  possesses 
consensus  amino  acid  sequences  for  a  RING  finger,  B- 


boxes,  leucine  zipper  coiled-coil  region,  PHD  finger,  and 
bromodomain  (Friedman  et  al.  1996;  Kim  et  al.  1996;  Le 
Douarin  et  al.  1996;  Moosmann  et  al.  1996).  Biochemical 
studies  of  KAP-1  indicate  that  the  tripartite  RBCC  region 
functions  as  an  integrated  structural  unit  that  is  neces¬ 
sary  and  sufficient  for  KRAB  recognition  and  KAP-1 
oligomerization  (Peng  et  al.  2000a, b).  The  basis  of  KAP-1 
in  transcription  repression  is  not  fully  understood,  but  a 
direct  interaction  with  members  of  the  HP1  protein  fam¬ 
ily  suggests  that  KAP-1  may  function  to  repress  tran¬ 
scription  via  the  organization  of  higher  order  chromatin 
structure  (Le  Douarin  et  al.  1996;  Nielsen  et  al.  1999; 
Ryan  et  al.  1999;  Lechner  et  al.  2000).  In  this  report,  we 
present  data  that  builds  upon  our  understanding  of  the 
function  of  KAP-1  in  repression  of  transcription.  We  de¬ 
scribe  a  novel  transcriptional  repression  activity  defined 
by  the  PHD  finger  and  bromodomain  of  KAP-1.  These 
domains  are  collectively  required  for  optimal  repression 
of  DNA  templates  by  KAP-1,  and  our  studies  suggest 
that  these  two  motifs  form  a  functionally  integrated 
unit,  as  mutations  or  heterologous  substitutions  in  ei¬ 
ther  domain  disrupt  transcriptional  repression.  These 
data  are  consistent  with  this  bipartite  domain  providing 
a  specific  interface  for  protein-protein  interactions.  In 
this  regard,  we  show  evidence  that  the  PHD  finger  and 
bromodomain  of  KAP-1  are  collectively  required  to 
mediate  an  interaction  with  the  Mi-2a  subunit  of  the 
histone  deacetylase  complex,  NuRD,  in  vivo.  This  ob¬ 
servation  suggests  that  the  KRAB-zinc  finger  protein 
superfamily  functions  as  a  sequence-specific  targeting 
mechanism  for  the  biochemical  activities  of  the  NuRD 
complex  in  vivo. 

The  recurrent  theme  that  has  emerged  from  studies 
aimed  at  understanding  the  function  of  transcriptional 


Figure  5.  Role  of  Mi-2a  and  histone  deacetylase  in  KAP-1  repression.  (A)  Western  blot  analysis  of  10  pg  of  phosphocellulose  (PI  1 ) 
fractionated  HeLa  nuclear  extracts.  NuRD,  conventionally  purified  complex  as  described  previously  (Zhang  et  al.  1998a).  (£)  In  vivo 
association  between  endogenous  KAP-1  and  Mi-2a.  Three  hundred  pg  of  1.0  M  Pll-DEAE-bound  HeLa  nuclear  extract  was  immu- 
noprecipitated  by  rabbit  IgG  (P.I.)  (lane  2),  anti-KAP-1  (HP1BD/423-589)  antibodies  (lane  3),  or  anti-KAP-1  (Ct/619-835)  antibodies 
(lane  4),  or  anti-Mi2a  antibodies  (lane  5).  Immunoprecipitated  proteins  were  eluted  by  boiling  in  SDS  sample  buffer  and  then  separated 
on  a  4-12%  NuPAGE  gradient  gel  (Invitrogen),  followed  by  immunoblot  analysis  with  antibodies  against  Mi-2p,  Mi-2a,  KAP-1  (RBCC), 
HDAC1,  and  RbAp48.  (Input)  10  pg  of  1.0  M  Pll-DEAE  bound  extract,  (NuRD)  conventionally  purified  complex  as  described  previ¬ 
ously  (Zhang  et  al.  1998a).  (C)  The  in  vivo  association  between  KAP-1  and  Mi-2a  requires  the  PHD  finger  and  bromodomain  of  KAP-1. 
Expression  plasmids  for  LacZ,  FLAG-KAP-1,  or  FLAG-KAP-1  (618)  were  transfected  into  293  cells.  Nuclear  extracts  (3-5  mg)  were 
immunoprecipitated  with  anti-FLAG  mAb  M2  (lanes  1-3).  The  immune  complexes  were  separated  on  a  4-12%  NuPAGE  gradient  gel 
(Invitrogen)  followed  by  immunoblot  analysis  with  anti-Mi-2a  pAb  or  anti-KAP-1  (RBCC/20-418)  pAb.  (Left  panel)  Anti-FLAG  (M2) 
Western  blot  of  transfected  293  cell  nuclear  extracts.  Lines  on  right  indicate  the  migration  of  full-length  KAP-1  and  KAP-1  (618), 
respectively.  (Asterisk)  An  anti-FLAG  cross-reacting  species.  (Right  panel)  The  western  blot  analysis  of  anti-FLAG  (M2)  immunopre- 
cipitates  for  Mi-2a  and  KAP-1  (RBCC).  Lines  on  the  right  of  the  KAP-1  immunoblot  represent  the  migrations  of  full-length  KAP-1  and 
KAP-1  (618),  respectively.  (D)  Schematic  diagram  of  the  luciferase  reporter  and  the  heterologous  GAL4-effector  plasmid.  Expression  of 
the  KAP-1  interaction  domain  of  Mi-2a  (amino  acids  1686  to  2000)  dominantly  inhibits  heterologous  KRAB-  and  KAP-1 -mediated 
repression  with  minimal  effects  on  heterologous  repression  observed  for  SAP30,  HP  la,  BCL6-POZ,  WT1  or  the  activation  potential  of 
VP16.  (Dashes)  Repression  observed  in  the  absence  of  transfected  Mi-2a  dominant  negative  plasmid  DNA.  All  experiments  were  done 
in  NIH/3T3  cells  with  0.1  pg  of  GAL4-VP16,  0.5  pg  of  GAL4-KRAB,  1  pg  of  each  remaining  GAL4-repressor,  and  0.5  pg  of  the  reporter 
plasmid.  (Open  triangles)  Titrating  amounts  (1  pg,  2  pg,  and  4  pg)  of  the  dominant  negative  Mi-2a  expression  plasmid  transfected. 
Expression  of  all  proteins  was  confirmed  in  COS1  cells  (data  not  shown).  Fold  repression  was  calculated  as  described  in  Fig.  1.  (E) 
Addition  of  the  histone  deacetylase  inhibitor,  TSA,  partially  reverses  the  repression  activity  of  the  KAP-1  PHD  finger/bromodomain. 
NIH/3T3  cells  were  transiently  cotransfected  with  0.5  pg  of  the  indicated  reporter  plasmid  and  5  pg  of  the  heterologous  GAL4 
expression  plasmids  KAP-1  (619  to  835),  SAP30,  and  BCL6-POZ.  Twenty-four  hours  posttransfection,  the  cells  were  treated  with  300 
nM  TSA  (Wako)  for  an  additional  24  h  prior  to  harvesting.  Fold  repression  was  calculated  as  described  in  Fig.  1.  Fold  repression  in  the 
absence  of  TSA  (stippled  bars);  fold  repression  in  the  presence  of  TSA  (black  bars). 
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regulatory  proteins  is  that  highly  conserved  amino  acid 
signature  motifs  often  function  as  independent  globular 
domains  involved  in  macromolecular  recognition.  The 
identification  of  these  signature  amino  acid  sequence 
motifs  and  their  spatial  organization  within  a  novel  pro- 
tein  is  often  the  first  clue  to  its  biochemical  function. 
The  PHD  finger  and  bromodomain  are  two  well-con¬ 
served  signature  motifs  distributed  widely  among 
nuclear  proteins  with  established  roles  in  the  formation/ 
maintenance/  or  regulation  of  chromatin  structure 
(Aasland  et  al.  1995;  Jeanmougin  et  al.  1997;  Winston 
and  Allis  1999).  Thus,  the  presence  of  these  two  motifs 
suggested  that  KAP-1  represses  transcription  via  some 
chromatin-mediated  mechanism.  The  conservation  of 
the  PHD  finger  and  bromodomain  architecturally  in  at 
least  three  independent  families  of  proteins  suggests  that 
the  two  domains  may  biochemically  function  together 
(Le  Douarin  et  al.  1995,  1996;  Friedman  et  al.  1996;  Ven- 
turini  et  al.  1999;  Bochar  et  al.  2000;  Jones  et  al.  2000a, b). 
In  support  of  this  hypothesis,  we  observed  that  optimal 
transcriptional  repression  by  KAP-1  is  dependent  upon 
the  integrity  of  this  bipartite  domain.  This  observation  is 
similar  to  recent  reports  suggesting  that  the  function  of 
the  bromodomain  may  require  or  be  influenced  by  adja¬ 
cent  signature  motifs  (Cairns  et  al.  1999;  Winston  and 
Allis  1999).  This  intrinsic  transcriptional  repression  ac¬ 
tivity  could  not  be  fully  complemented  by  heterologous 
substitutions  of  either  domain  with  related  sequences. 
Thus,  it  appears  from  these  results  that  the  amino  acid 
sequences  of  the  KAP-1  PHD  finger  and  bromodomain 
possess  an  inherent  capacity  to  fold  into  an  integrated 
functional  unit,  which  provides  a  specific  interface  for 
protein-protein  interactions  with  downstream  effectors 
of  transcriptional  repression. 

The  PHD  finger  is  a  small  domain  of  ~60  amino  acids 
characteristically  defined  by  seven  cysteines  and  a  histi¬ 
dine  that  are  spatially  arranged  in  a  consensus  of  C4HC3 
of  varying  lengths  and  composition  (Aasland  et  al.  1995). 
This  particular  arrangement  of  amino  acids  is  highly  ho¬ 
mologous  to  the  RING  finger  motif,  an  established  in¬ 
terface  for  protein-protein  interactions,  which  is  created 
by  chelating  two  zinc  ions  in  a  unique  cross-braced  fash¬ 
ion  (Wu  et  al.  1996;  Borden  1998,  2000;  Jensen  et  al. 
1998).  Indeed,  structural  analysis  of  the  KAP-1  PHD  fin¬ 
ger  indicates  that  two  atoms  of  zinc  are  bound  in  a  cross- 
braced  scheme  between  anti-parallel  (3-strands  (Capili  et 
al.  2001).  Like  the  RING  finger,  this  finding  suggests  that 
the  PHD  finger  functions  in  protein-protein  interac¬ 
tions.  Our  studies  represent  the  first  detailed  site-di¬ 
rected  mutagenesis  approach  to  correlate  the  molecular 
anatomy  of  this  domain  with  a  biochemical  function.  In 
general,  maintenance  of  the  zinc  chelation  scheme  and 
hydrophobic  amino  acids  that  stabilize  the  core  were  es¬ 
sential  for  the  structural  integrity  of  this  domain  and  the 
repression  activity  of  KAP-1  (Capili  et  al.  2001).  This 
observation  was  expected,  as  mutations  of  analogous 
amino  acids  in  the  RING  finger  disrupt  its  structure  and 
biochemical  function.  Although  our  results  clearly  em¬ 
phasize  that  the  PHD  finger  functions  in  conjunction 
with  the  bromodomain,  we  cannot  preclude  autonomous 


PHD  finger  functions.  Recent  studies  have  demonstrated 
that  RING  fingers  act  as  E3  ubiquitin  ligases  through 
interactions  with  components  of  the  ubiquitin  conjuga¬ 
tion  machinery  (Joazeiro  and  Weissman  2000).  Because 
of  the  structural  similarity  to  the  RING  finger  motif,  the 
PHD  finger  may  also  mediate  similar  functions  with  the 
ubiquitin  or  ubiquitin-like  conjugation  machinery.  This 
hypothesis  raises  interesting  possibilities  that  transcrip¬ 
tional  repression  by  KAP-1  in  part  may  result  from  ubiq¬ 
uitin  mediated  signaling  (i.e.,  degradation).  Alterna¬ 
tively,  the  potential  for  E3  ligase  activity  may  in  turn 
regulate  the  turnover  or  trafficking  of  KAP-1  itself.  In 
any  event,  the  experimental  data  from  this  panel  of  mu¬ 
tations  will  provide  a  basis  for  future  studies  aimed  at 
defining  new  macromolecular  interactions  and  functions 
for  the  PHD  finger. 

Similar  to  the  PHD  finger,  the  bromodomain  is  an¬ 
other  conserved  signature  motif  of -100  amino  acids  that 
is  found  in  30-40  independent  proteins  with  that  func¬ 
tion  in  transcriptional  regulation  (Jeanmougin  et  al. 
1997).  Recent  structural  studies  of  three  independent 
bromodomains  indicate  that  these  amino  acids  fold  into 
a  four-helical  bundle  with  a  unique  left  turn  topology 
(Dhalluin  et  al.  1999;  Jacobson  et  al.  2000;  Owen  et  al. 
2000).  Crystals  of  either  the  TAFII250  double  bromodo¬ 
main  or  the  yGCN5p  with  N-terminal  histone  H4  pep¬ 
tides  revealed  an  extensive  network  of  interactions  be¬ 
tween  the  two  via  a  hydrophobic  pocket  formed  by  the 
ZA  and  BC  loops  of  the  domain  (Jacobson  et  al.  2000; 
Owen  et  al.  2000).  Moreover,  synthetically  derived  mu¬ 
tations  in  the  bromodomain  of  yGCNSp  were  observed 
to  impair  the  chromatin-related  functions  of  this  protein 
in  vitro  and  in  vivo,  without  effecting  the  ability  of 
GCN5  to  be  assembled  into  SAGA  (Sterner  et  al.  1999; 
Syntichaki  et  al.  2000).  These  data  clearly  suggest  that 
the  bromodomain  is  involved  in  modulating  the  activity 
of  these  transcriptional  regulatory  complexes.  Our  data 
from  the  analysis  of  the  KAP-1  bromodomain  are  consis¬ 
tent  with  these  hypotheses.  First,  comparison  of  the  pri¬ 
mary  sequence  of  the  KAP-1  bromodomain  with  pCAF, 
yGCN5,  and  TAFII250  revealed  conservation  of  amino 
acids  involved  in  stabilization  of  the  hydrophobic  core 
(Fig.  3B).  Likewise,  the  amino  acids  that  comprise  the 
recognition  site  for  the  amide  backbone  of  the  histone 
tail  are  well  conserved,  confirming  the  likelihood  that 
histone  tails  are  ligands  of  the  KAP-1  bromodomain. 
However,  the  amino  acids  in  the  ZA  loop  that  contact 
the  carbonyl-amide  moiety  of  acetyl-lysines  are  less  con¬ 
served.  This  deviation  may  represent  a  slightly  altered 
specificity  for  the  type  of  histone  modification  recog¬ 
nized.  Second,  our  experimental  results  clearly  demon¬ 
strate  that  the  bromodomain  of  KAP-1  has  intrinsic  tran¬ 
scriptional  repression  activity,  which  is  required  for  op¬ 
timal  KAP-1  function  on  DNA  templates.  Although  the 
F761A,  F791E,  and  78  ltrunc  mutations  are  expected  to 
compromise  the  integrity  of  the  tertiary  structure  of  this 
domain,  the  S730I  and  DD778,  781AA  mutations  are  po¬ 
sitioned  in  regions  that  are  involved  in  acetyl  group  or 
histone  recognition,  respectively.  Therefore,  it  is  reason¬ 
able  to  postulate  that  these  mutations  are  affecting  tran- 
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scription  without  disrupting  the  tertiary  structure  of  the 
domains.  The  combination  of  these  data  is  consistent 
with  the  PHD  finger  and  bromodomain  functioning  as  a 
cooperative  integrated  unit  that  provides  an  interface  for 
macromolecular  interactions.  Interestingly,  the  depen¬ 
dence  of  the  KAP-1  interaction  with  Mi-2a  for  the  PHD 
finger  and  bromodomain  is  similar  to  recent  genetic  evi¬ 
dence  that  implicates  an  essential  role  for  the  bromodo¬ 
main  of  GCN5  in  the  recruitment  of  the  SWI/SNF  chro¬ 
matin  remodeling  activities  to  a  targeted  genomic  locus 
in  yeast  (Syntichaki  et  al.  2000). 

Macromolecular  complexes  with  histone  deacetylase 
and  ATPase  chromatin  remodelling  activities  have 
clearly  been  implicated  in  chromatin  dynamics  and  tran¬ 
scriptional  silencing.  Both  Mi-2a  and  Mi-2p  have  been 
'  described  as  integral  components  of  a  multiprotein  com¬ 

plex  containing  both  histone  deacetylase  and  chromatin 
remodeling  activities  (Tong  et  al.  1998;  Wade  et  al.  1998; 
k  Xue  et  al.  1998;  Zhang  et  al.  1998a).  The  association  of 

KAP-1  with  Mi-2a  builds  upon  our  understanding  of  how 
the  KRAB-ZFP-KAP-1  repressor-corepressor  system 
mechanistically  regulates  gene  expression.  Moreover, 
this  observation  links  the  targeting  of  this  multi-protein 
complex  to  specific  loci  via  the  KRAB-ZFP  superfamily 
of  repressors.  We  show  that  the  KAP-1  interaction  with 
NuRD  is  specifically  mediated  through  a  unique  isoform 
of  Mi-2a.  Western  blot  analysis  of  conventionally  puri¬ 
fied  NuRD  with  antibodies  specific  for  Mi-2a  demon¬ 
strated  little  immunoreactivity,  a  result  consistent  with 
no  peptide  sequences  specific  for  Mi-2a  identified  in  mi¬ 
crosequencing  from  previous  purifications  of  NuRD. 
However,  we  and  others  can  demonstrate  that  Mi-2cx  im- 
munoprecipitates  retain  HDAC1  immunoreactivity  and 
enzymatic  activity  (Tong  et  al.  1998;  Xue  et  al.  1998; 
Kim  et  al.  1999).  These  observations  suggest  that  a  Mi-2a 
NuRD-like  complex  exists  in  vivo  that  remains  to  be 
fully  defined.  Consistent  with  this  hypothesis,  several 
NuRD  preparations  demonstrate  heterogeneity  in  rela¬ 
tion  to  their  peptide  composition  (Xue  et  al.  1998;  Kim  et 
al.  1999). 

c  Our  data  suggest  that  the  KAP-1  corepressor  utilizes  a 

Mi-2  complex  and  its  associated  biochemical  activities 
to  repress  transcription.  Biochemical  studies  indicate 
f  that  a  relatively  small  fraction  of  endogenous  KAP- 1  sta¬ 

bly  associates  with  Mi-2a  in  vivo,  suggesting  only  a  mi¬ 
nor  role  for  this  interaction  in  KAP- 1 -mediated  repres- 
*  sion.  From  the  data  presented  we  cannot  preclude  other 

mechanisms  that  the  PHD  finger  and  bromodomain  of 
KAP-1  use  to  repress  transcription.  In  this  regard  we 
(  have  characterized  a  direct  interaction  between  the 

KAP-1  PHD  finger  and  bromodomain  and  a  novel  pro¬ 
tein  containing  a  SET  domain  (D.C.  Schultz  and  F.J. 
Rauscher  III,  unpubl.).  Because  significant  evidence  sug¬ 
gests  that  some  feature  of  histones  or  nucleosomal  struc¬ 
ture  serve  as  a  ligand  for  the  bromodomain,  we  speculate 
that  the  specific  interaction  between  the  PHD  finger  and 
bromodomain  of  KAP-1  with  the  Mi-2a  subunit  of  the 
NuRD  complex  may  be  stabilized  by  some  interface  re¬ 
sulting  from  an  interaction  between  the  bromodomain  of 
KAP-1  and  nucleosomes.  This  hypothesis  would  be  con¬ 


sistent  with  recent  genetic  evidence  that  indicates  the 
bromodomain  of  GCN5  is  required  for  the  chromatin 
remodeling  activities  of  the  SWI/SNF  complex  at  a  ge¬ 
nomic  locus  in  yeast  (Syntichaki  et  al.  2000).  In  this  re¬ 
gard,  both  the  His3  and  the  LacZ  reporters  used  in  the 
selection  process  for  positive  interacting  clones  in  the 
two-hybrid  assay  were  chromosomally  integrated.  Thus, 
it  is  reasonable  to  hypothesize  that  the  stability  of  this 
interaction  is  disrupted  during  the  extraction  process. 
The  role  of  Mi-2  associated  histone  deacetylase  activity 
in  KRAB-KAP-1  mediated  repression  will  require  the 
analysis  of  histone  acetylation  patterns  within  regula¬ 
tory  elements  of  single  copy  KRAB-ZFP  target  genes. 

The  interaction  between  KAP-1  and  Mi-2a  is  one  po¬ 
tential  mechanism  by  which  the  biochemical  activities 
of  the  NuRD  complexes  can  be  targeted  in  a  sequence- 
specific  manner  to  genes  in  vivo  by  virtue  of  the  selec¬ 
tivity  conferred  by  the  C2H2  DNA  binding  domain  of 
the  KRAB-ZFPs.  Consistent  with  this  hypothesis,  the 
lymphoid-specific,  sequence-specific  transcription  factor 
Ikaros  stably  associates  with  the  NuRD  complex  (Kim  et 
al.  1999).  Immuno-FISH  experiments  revealed  that  re¬ 
pressed  genes  by  Ikaros  were  colocalized  with  compo¬ 
nents  of  NuRD  and  the  HP1  protein  in  nuclear  territories 
juxtaposed  to  centromeric  heterochromatic  during  B-cell 
maturation  (Brown  et  al.  1997).  Similarly,  we  and  others 
have  reported  a  direct  biochemical  interaction  between 
KAP-1  and  mammalian  homologs  of  the  HP1  protein 
family,  and  have  shown  that  KAP-1  and  mammalian 
HP1  proteins  can  physically  occupy  the  same  spatial  do¬ 
mains  in  interphase  nuclei  of  NIH/3T3  cells  (Ryan  et  al. 
1999).  The  combination  of  these  findings  implies  a  po¬ 
tential  link  between  multi-protein  complexes  that  pro¬ 
mote  transcriptional  repression  by  histone  deacetylation 
and  repression  mediated  by  organization  of  high-order 
chromatin  structure.  In  support  of  this  hypothesis, 
SAP30,  a  novel  member  of  the  SIN3  histone  deacetylase 
complex,  has  been  observed  to  effect  telomere  silencing 
in  yeast  (Zhang  et  al.  1998b)  and  genetic  screens  for 
dominant  suppressors  of  position-effect-variegation  in 
Drosophila  melanogaster  have  identified  mutant  alleles 
of  HDAC1  (Mottus  et  al.  2000).  Furthermore,  genetic 
analyses  in  D.  melanogaster  demonstrate  an  epistatic 
relationship  between  dMi-2  and  polycomb  silencing  of 
homeotic  genes  (Kehle  et  al.  1998).  This  apparent  cou¬ 
pling  of  two  independent  repression  mechanisms  may 
lead  to  synergistic  repression  of  their  apparent  target 
genes  and  promote  epigenetic  gene  silencing. 

The  estimated  300  to  700  KRAB  zinc  finger  proteins  in 
the  human  proteome  potentially  make  this  superfamily 
of  transcriptional  repressors  one  of  the  master  regulators 
of  sequence-specific  gene  silencing  in  vertebrates.  Tran¬ 
scriptional  repression  by  a  KRAB  domain  requires  inter¬ 
action  with  the  corepressor,  KAP-1.  Thus,  it  appears  that 
the  effector  molecules  of  KRAB-mediated  transcriptional 
repression  are  likely  due  to  a  network  of  protein  inter¬ 
actions  with  KAP-1.  We  suggest  that  the  KAP-1  corepres¬ 
sor  may  function  to  repress  transcription  through  several 
distinct  mechanisms,  including  histone  deacetylation 
and  heterochromatinization.  Unlike  prokaryotic  genes, 
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eukaryotic  genes  exist  in  a  restrictive  state  by  virtue  of 
nucleosome-based  chromatin  structure  (Struhl  1999).  In 
this  model,  the  role  of  sequence-specific  repressors  like 
the  superfamily  of  KRAB-ZFPs  may  be  to  create  a  silent 
gene  environment  completely  resistant  to  activator  and/ 
or  core  transcription  machinery  binding.  We  propose 
that  KRAB  zinc  finger  proteins  selectively  bind  promoter 
sequences  and  recruit  the  KAP-1  corepressor  to  the  tar¬ 
geted  locus.  This  complex  in  turn  recruits  the  NuRD 
complex,  which  deacetylates  histones  in  the  promoter 
region,  creating  a  favorable  condition  for  HP1  proteins  to 
nucleate  a  local  heterochromatin  environment  that  re¬ 
sults  in  effective  gene  silencing.  The  abundance  of  KRAB 
domain  proteins  and  the  diverse  capacity  of  the  KAP-1 
corepressor  to  repress  transcription  through  multiple  in¬ 
dependent  mechanisms  emphasizes  the  potential  of  the 
KRAB-KAP-1  repressor-corepressor  system  to  function 
as  a  master  regulator  of  transcriptional  gene  silencing. 


Materials  and  methods 

Plasmid  construction 

The  pM2-KAP-l  (293-835]  mammalian  expression  vector  has 
been  described  previously  (Friedman  et  al.  1996).  The  GAL4- 
KAP-1  fusion  proteins  including  408-835,  408-618,  478-835, 
478-680,  and  478-618  were  created  by  PCR  using  the  primers 
408for  (BamHl)  S'-CCGGGATCCAGATTGTGGCAGAGC 
GTCCTG-3',  478for  [BamHl)  5'-CCGGGATCCAGGTGAGC 
GGCCTTATGCGC-3 ',  618rev  (Hindlll)  5 ' -G ATAAGCTTTC 
ACGGGCCACCACCTGGGGC-3',  835rev  [Xbal]  5'-GCTAT 
CTAGACTAAATGGTGGCACTGTCATCCAGG-3',  respectively. 
The  resulting  PCR  products  were  digested  with  the  restriction 
endonucleases  indicated  in  brackets  preceding  the  primer  se¬ 
quence  and  cloned  into  the  corresponding  restriction  sites  of  the 
vector  pMl.  The  GAL4-KAP-1  (619-835)  expression  plasmid 
was  constructed  by  subcloning  an  Xmal  fragment  from  pBL- 
KAP-1  into  the  Xmal  site  of  pMl.  The  GAL4-KAP-1  (619-679) 
expression  plasmid  was  created  by  PCR  using  the  primers 
619for  (EcoRI)  5'-TAGCGAATTCGGAACCCTGGATGACAG 
TGC-3'  and  679rev  [Sail]  5 ' - ATCGGTGG AC ATCCTCCTCC 
TTCAGGTCAG-3'.  The  resulting  PCR  product  was  digested 
with  the  restriction  endonucleases  indicated  in  brackets  and 
cloned  into  the  corresponding  sites  of  the  vector  pMl.  C-termi- 
nal  to  codon  679  of  KAP-1  the  protein  reads  VDASAEASR*.  The 
GAL4-KAP- 1  (674-835)  expression  plasmid  was  created  by 
PCR,  using  the  primers  674for  [BamHl]  5 ' - ATCGG ATCCG AC 
CTGAAGGAGGAGGATGGC-3'  and  835rev  [Hindlll]  5' -GAT 
CCCGGGAAGCTTTCAGGGGCCATCACCTGG-3\  The  re¬ 
sulting  PCR  product  was  digested  with  the  restriction  endo¬ 
nucleases  indicated  in  brackets  and  cloned  into  the  correspond¬ 
ing  sites  of  the  vector  pM2. 

Site-directed  point  mutations  in  the  KAP-1  PHD  finger  and 
bromodomain  were  engineered  by  standard  overlap  extension 
PCR-mediated  mutagenesis  procedures.  The  mutagenic  primers 
for  the  described  mutations  contained  the  following  codons: 
C628R,  TGC  to  CGC;  V630S,  GTC  to  AGQ  C651F,  TGT  to 
TTT;  P654C,  CCG  to  TGC;  Q657E,  CAG  to  GAG;  E715K,  GAA 
to  AAA;  S730I,  TCC  to  ATC;  L742T,  CTG  to  ACG;  F761A,  TTT 
to  GCT;  D778,  781 AA,  GAC  to  GCT;  F791E,  TTC  to  GAG.  The 
pMl -KAP-1  (619-835)  trunc781  resulted  from  spontaneous  de¬ 
letion  of  G2444  from  the  nucleotide  sequence  during  PCR  of  the 
DD  778,781  AA  mutation  and  a  reading  frame  shift  that  results 


in  a  protein  with  15  novel  amino  acids,  AKAACSPSSGCSA 
SSRRA*  starting  at  codon  778  of  KAP-1. 

The  GAL4  expression  plasmids  for  the  PHD  finger 
and  bromodomain  of  TIFla  (amino  acids  785-1016),  TIFly 
(amino  acids  881-1120),  and  WCRF180  (amino  acids  1 141-1556) 
were  created  by  PCR  using  the  primers  TIFlafor  (Smal) 
5 '  -G ATCCCGGG AGG AAGG AGG ATGACCCC-3 ',  TIF 1  arev 
[Smal]  5'-GTACCCGGGTTACTTAAGCAGCTGGCG-3',  TIFly 
for  (SmaI)5'-GATCCCGGGAATAAAGATGATGACCC-3',  TIFl 
yrev( Small  5'-CTGCCCGGGTCATCTGACTTTAGGCGT-3', 
WCRF180for  (Smal)  5 '-G ATCCCGGG ATATGGTCTAAATC 
TATA-3',  and  WCRF180rev  (Smal)  5'-CTGCCCGGGTCAGAT 
TCGTGACTTTTTTGC-3',  respectively.  The  resulting  PCR 
products  were  digested  with  the  restriction  endonucleases  indi¬ 
cated  in  brackets  and  cloned  into  the  corresponding  sites  of 
either  pMl  or  pM3.  The  PHD  finger  and  bromodomain  chime¬ 
ras  were  engineered  by  standard  overlap  extension  PCR-medi¬ 
ated  mutagenesis  procedures.  Forward  primers  were:  ATRX  5' 
(Smal)  5 ' -G ACCCGGGT AGCCGTG ACTC AG ATGG-3 ',  Mi-2a 
5'  (Smal)  5'-GATCCCGGGGATGGCTACGAGACGGATC-3', 
and  as  indicated  above  for  WCRF180  and  KAP-1.  Fusion  primers 
were  as  follows:  TIFla/KAP-lfor  5 '  - AAGCC AG AGGTTG AC 
TATGGCAGCTCAGCCTGGAT-3',  TIFly/KAP-lfor  5'-AAG 
CCAGAAGTTGAATATGGCAGCCTCAGCCTGGAT-3',  AT 
RX/KAP- 1  for  5 '  -  ACTGC  ATGTAAC  AGCGTAGGC  AGCCTC  A 
GCCTCAGC-3',  Mi-2a/KAP-lfor  5'-GTCCAGTGGGAGG 
CCAAGGGC  AGCCTC  AGCCTC  AGC -3',  WCRF180/KAP-  lfor 
5'-CGTTCTAGAAGACTCTCCGGCAGCCTCAGCCTCAGC 
3',  KAP-1 /TIFlafor  5 '  -G  ACCT  G  AAGG  AGG  AGG  ATGATTGT 
GATGTTCCCAGT-3',  KAP-1 /TIFlyfor  5'-GACCTGAAGGA 
GG AGG ATG ATTGTG AT AATTTGC AA-3 ',  KAP-l/WCRF180for 
5'-GACCTGAAGGAGGAGGATAGATCTGTAAATATTGCT- 
3',  KAP-1 /GCN5for  5 '-G ACCTG AAGG AGGAGGATAC AGGC 
TGGAAGCCATTG-3'.  Reverse  primers  were  as  follows:  GCN5rev 
(Smal)  5'-GATCCCGGGCTACTTGTCAATGAGGCC-3r,  and 
as  indicated  above  for  KAP-1,  TIFla,  TIFly,  and  WCRF180.  Sec¬ 
ond-round  PCR  products  were  digested  with  restriction  endo¬ 
nucleases  as  defined  in  the  parenthesis  preceding  the  primer 
sequence  and  cloned  into  the  corresponding  sites  of  either  pMl 
or  pM3. 

The  LEXA-KAP-1  (amino  acids  619-835)  yeast  expression 
plasmid  was  generated  by  the  ligation  of  an  Xmal  fragment  from 
pBL-KAP-1  into  pBTMl  16.  PHD  finger  and  bromodomain  mu¬ 
tants  were  subcloned  from  pMl  to  pBTMl  16  as  a  Smal  frag¬ 
ment.  GAL4  activation  domain  fusions  with  the  C  terminus  of 
Mi-2a  delta  ct  and  Mi-2p  were  created  by  PCR  using  the  fol¬ 
lowing  primers,  respectively:  Mi-2afor  (BamHl)  5'-GTAACGGA 
TCC AGGGCCTCG AG ATGAGCC AC3 ',  Mi-2a  delta  ct  (BamHl) 
5'-GATCGGATCCTCACGTTGGTGGCGGCTGTGATGAAG- 
3',  Mi-2(3for  (BamHl)  5'-GTAACGGATCCAAATGGAGAGAC 
CCCCAAGGACCTG-3',  Mi-2p  rev  (BamHl)  5'-GATCGGATC 
CTCACTGCTGCTGGGCTACCTGCTG-3'.  Resultant  PCR 
products  were  digested  with  BamHl  and  cloned  into  the  corre¬ 
sponding  restriction  site  of  pACTII  (Clontech). 

The  CMV-Mi-2a  ct  mammalian  expression  plasmid  was  cre¬ 
ated  by  subcloning  a  BamHI/BamHI  DNA  fragment  encoding 
all  amino  acids  of  the  rescued  cDNA  in-frame  with  an  N-ter- 
minal  6His-tag  possessing  a  consensus  Kozak  sequence  and  ini¬ 
tiator  methionine  in  pcDNA3.1  (Invitrogen).  The  GAL4-KRAB, 
GAL4-HPla,  and  GAL4-WT1  expression  plasmids  have  been 
described  previously  (Margolin  et  al.  1994;  Lechner  et  al.  2000). 
The  GAL4-SAP30  expression  plasmid  was  kindly  provided  by 
Danny  Reinberg  (Howard  Hughes  Medical  Institute,  UMDNJ, 
NJ).  The  GAL4-BCL6-POZ  expression  plasmid  was  kindly  pro¬ 
vided  by  Vivian  Bardwell  (University  of  Minnesota,  Minneapo¬ 
lis). 
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The  FLAG-KAP-1  expression  plasmid  was  constructed  with  a 
consensus  Kozak  sequence,  an  initiator  methionine,  and  a 
FLAG-tag  (DTKDDDDK)  followed  by  amino  acids  20-835  of 
KAP-1  in  the  BamHl/Xbal  restriction  sites  of  pcDNA3  (Invit- 
rogen).  Similarly,  the  FLAG-KAP-1  (618)  expression  plasmid 
was  constructed  encoding  amino  acids  20-618  of  KAP-1  in  the 
BamHl/Xbal  restriction  sites  of  pcDNA3  (Invitrogen). 

Appropriate  reading  frame  fusions  and  integrity  of  flanking 
sequences  for  all  constructs  created  by  PCR  was  confirmed  by 
DNA  sequence  analysis  of  both  strands. 

Yeast  two-hybrid  system 

The  yeast  two-hybrid  system  as  modified  by  Stan  Hollenberg 
was  used  for  all  yeast  experiments.  A  human  oligo-dT-primed 
B-cell  cDNA  library  was  screened  as  described  previously 
(Jensen  et  al.  1998) 

Transient  transfection 

Protein  expression  from  all  plasmids  was  confirmed  by  tran¬ 
sient  transfection  of  COS-1  cells  followed  by  immunoprecipi- 
tation  of  [35S]methionine  labeled  cell  extracts  with  anti- 
GAL4JDBD)  IgG  sc-577  (Santa  Cruz),  as  described  previously. 
Preparation  of  nuclear  extracts  from  transfected  COS1  cells  was 
described  previously.  Electrophorectic  mobility  shift  assays 
were  done  as  described  previously.  All  luciferase  assays  from 
transient  transfections  were  done  as  described  previously  (Ryan 
et  al.  1999). 

Immunoprecipitations 

Affinity-purified  polyclonal  antibodies  raised  against  amino  ac¬ 
ids  20-418  (RBCC),  423-589  (HP1BD),  and  618-835  (Ct)  of 
KAP-1  and  amino  acids  1515  to  1708  of  Mi-2a  (accession  no. 
3298562)  were  a  coupled  to  protein  A-agarose  (Repligen)  by  di- 
methylpimelimidate  as  described  previously  (Harlow  and  Lane 
1988).  Preparation  of  HeLa  cell  nuclear  extract  and  phosphocel- 
lulose  (PI  1 )  fractionation  was  done  as  described  previously  (Dig- 
nam  et  al.  1983).  Three  hundred  micrograms  of  DEAE-bound  1.0 
M  Pll  fractions  was  incubated  with  50  pg  of  protein  A-coupled 
antibody  at  4°C  for  4  h.  Immune  complexes  were  washed  3 
times  with  BC500  (20  mM  Tris-HCl  at  pH  8.0,  500  mM  KCl,  0.2 
mM  EDTA,  10  %  glycerol,  0.2  mM  PMSF,  0.1%  NP-40),  once 
with  BC100  (20  mM  Tris-HCl  at  pH  8.0,  100  mM  KCL,  0.2  mM 
EDTA,  10  %  glycerol,  0.2  mM  PMSF,  0.1%  NP-40),  and  eluted 
with  0.1  M  glycine  (pH  2.7).  Eluted  proteins  were  resolved  on  a 
4-12%  NuPAGE  gel  in  MOPS  running  buffer  (Invitrogen),  then 
transferred  to  PVDF,  and  antigens  were  detected  as  described 
previously  (Ryan  et  al.  1999).  Nuclear  extracts  from  transiently 
transfected  293  cells  were  prepared  as  described  previously 
(Ryan  et  al.  1999).  Three  to  five  milligrams  of  nuclear  extract 
adjusted  to  100  mM  NaCl  were  incubated  with  100  pg  of  anti- 
FLAG  M2  (Sigma)  at  4°C  for  4  h.  Bound  immune  complexes 
were  washed,  eluted  and  analyzed  as  described.  Antibodies  spe¬ 
cific  for  Mi-2p  (CHD4-N)  were  kindly  provided  by  W.  Wong 
(National  Institute  on  Aging,  Baltimore,  MD).  Antibodies 
against  HDAC1  were  kindly  provided  by  D.  Reinberg.  RbAp48 
was  detected  with  mAb  13D10  (GeneTex). 
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♦  The  KRAB-ZFP:KAP-1  Repression  System 

Recruits  the  Histone  Deacetylase  Complex,  NuRD,  via  an 
Interaction  Between  the  PHD  and  Bromodomains  of  KAP1 
and  the  Mi-2  Subunit. 

David  C.  Schultz1,  Allan  D.  Capili2,  Katherine  L.  B.  Borden2, 
and  Frank  J.  Rauscher  III1.  ‘The  Wistar  Institute,  Philadelphia 
PA.  2Mount  Sinai  School  of  Medicine,  New  York,  NY. 

The  PHD  finger  and  bromodomain  are  two  highly  conserved 
protein  motifs  found  in  proteins  with  transcriptional  regulatory 
functions.  Naturally  occurring  mutations  in  the  PHD  finger 
contribute  to  a  variety  of  human  diseases  including  ATRX 
syndrome,  myeloid  leukemias,  and  autoimmune  dysfunction. 
Optimal  transcriptional  repression  by  KAP-1,  a  universal 
corepressor  for  the  KRAB-ZFP  superfamily  of  transcriptional 
repressors,  requires  an  intact  PHD  finger  and  bromodomain  at 
its  COOH-terminus.  Site-directed  mutations  in  the  KAP-1 
PHD  finger  or  the  bromodomain  specifically  disrupt  the 
repression  function  of  this  bi-partite  domain.  We  have 
determined  a  solution  structure  for  the  PHD  finger  of  KAP-1. 
Our  studies  reveal  that  the  PHD  domain  binds  zinc  in  a  cross¬ 
brace  topology  reminiscent  of  RING  domains. 
Mechanistically,  the  KAP-1  PHD  and  bromodomains  are 
required  to  mediate  an  interaction  with  the  Mi-2a  subunit  of 
the  NuRD  in  vivo  as  determined  by  co-immunoprecipitation. 
These  data  indicate  that  the  PHD  finger  and  bromodomain 
provide  an  interface  for  protein-protein  interactions. 
Moreover,  the  data  suggest  the  KRAB-ZFP: KAP-1  repression 
complex  functions  to  target  the  histone  deacetylase  activity  of 
the  NuRD  complex  to  specific  gene  promoters  in  vivo.  This 
work  was  funded  in  part  by  DAMD  17-98-1-8269  to  DCS. 
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♦  SETDB1:  A  novel  SET  domain  protein  that 

contains  histone  H3-lysine  9  specific  methylase  activity, 
recruits  HP1  to  endogenous,  euchromatic  targets. 

David  C.  Schultz1*,  Kasirajan  Ayyanathan1,  Frank  J.  Rauscher, 
III1.  ^Department  of  Pharmacology,  Case  Western  Reserve 
University,  Cleveland,  OH.  !The  Wistar  Institute, 
Philadelphia,  PA. 

The  220  KRAB  domain-zinc-finger  proteins  encoded  by  the 
human  genome  function  as  gene-specific  silencers.  Silencing 
requires  binding  to  the  co-repressor,  KAP-1  that  in  turn 
coordinates  the  activities  of  large  macromolecular  complexes 
that  modify  chromatin  structure.  The  PHD  finger  and 
bromodomain  of  KAP-1  recruits  the  NuRD  HDAC  complex 
whereas  a  separate  region  of  KAP-1  binds  directly  to  the 
chromoshadow  domain  of  the  HP1  protein  family.  Since  the 
HP1  chromodomain  can  bind  to  the  methylated  Lys-9  in 
histone  H3,  we  looked  for  this  activity  in  KAP-1  repression 
complexes.  Here  we  report  the  discovery  of  a  novel  KAP-1 
associated  H3,  Lys-9  specific  histone  methyltransferase, 
SETDB1.  The  enzymatic  activity  of  SETDB1  increased  HP1 
binding  to  histone  H3  and  CHIP  experiments  showed  co¬ 
localization  of  KAP-1,  SETDB1,  and  HP1  along  with 
increased  H3  Lys-9  methylation  of  chromatin  at  an 
endogenous  target  gene  to  stably  repress  gene  expression. 
KAP-1  is  the  first  example  of  a  co-repressor/scaffold  protein 
that  can  coordinate  the  sequential  recruitment  of  HDAC 
complexes,  histone  methylase,  and  the  deposition  of  HP1  at  a 
euchromatic  locus  to  silence  gene  expression  in  a  manner 
consistent  with  epigenetic  regulation.  This  work  was  funded  in 
part  by  DAMD  17-98-1-8269  to  DCS 
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SETDB1:  A  new  SET  domain  protein  with  histone  H3,  lysine-9-specific 
methyltransferase  activity  that  contributes  to  silencing  endogenous,  euchromatic 
genes  by  recruiting  HP1.  David  C.  Schultz1*.  Kasirajan  Ayyanathan1,  Frank  J. 
Rauscher,  III1.  *Department  of  Pharmacology,  Case  Western  Reserve  University, 
Cleveland,  OH.  ‘The  Wistar  Institute,  Philadelphia,  PA. 

Macromolecular  protein  complexes  containing  enzymatic  activity  that  modifies  the  NH2- 
terminal  tails  of  the  core  histones  have  emerged  as  key  regulators  of  gene  regulation  in 
eukaryotes.  Oncogenic  transformation  frequently  results  in  abrogation  of  this  regulatory 
machinery  leading  to  global  alterations  in  chromatin  structure  and  gene  expression  that 
contribute  to  malignant  progression.  The  BRCA1-  associated  protein  ZBRK1  is  a 
member  of  the  KRAB  domain-zinc-finger  protein  (ZFPs)  superfamily  of  gene-specific 
silencers.  Gene  silencing  by  ZBRK1  requires  binding  to  the  co-repressor,  KAP1,  that  in 
turn  coordinates  the  activities  of  large  macromolecular  complexes  that  modify  chromatin 
structure.  The  PHD  finger  and  bromodomain  of  KAP1  recruits  the  NuRD  histone 
deacetlyase  complex  whereas  a  separate  region  of  KAP1  binds  directly  to  the 
chromoshadow  domain  of  the  heterochromatin  protein- 1  (HP1)  family.  Recently  it  has 
been  discovered  that  the  chromodomain  of  HP1  binds  to  methylated  Lys-9  (K9)  in  the 
NH2-terminus  of  histone  H3.  Since  KAP1  may  coordinate  HP1  deposition  and  histone 
methylation,  we  looked  for  this  enzymatic  activity  in  endogenous  KAP1  complexes. 
Here  we  report  the  discovery  and  cloning  of  a  novel  KAP1  associated  histone  H3-K9 
specific  methyltransferase,  SETDB1.  Mutations  of  evolutionarily  conserved  amino  acid 
residues  in  the  catalytic  domain,  including  the  pre-SET,  SET  and  post-SET  domains, 
significantly  impairs  the  enzymatic  activity  of  SETDB1.  In  vitro  methylation  of  the 
NH2-terminal  tails  of  histone  H3  by  SETDB1  enhances  the  binding  of  HP1  proteins  to 
this  histone.  Intact  chromo-  and  chromoshadow  domains  in  HP1  are  required  for  this 
binding.  Surprisingly,  SETDB 1  is  localized  predominantly  to  euchromatic  regions  of  the 
nucleus  in  interphase  NIH3T3  cells  and  overlaps  with  histone  H3-K9  methylation  in  non- 
pericentromeric  regions  of  chromatin.  Chromatin  immunoprecipitation  experiments 
reveal  the  co-localization  of  KAP-1,  SETDB  1,  HP  1  and  enriched  histone  H3  K9 
methylation  in  chromatin  at  an  endogenous,  euchromatic  gene  regulated  by  the 
KRAB:KAP1:HP1  repression  system.  KAP-1  is  the  first  example  of  a  co-repressor 
protein  that  can  coordinate  the  sequential  recruitment  of  histone  deacetylases,  methylases, 
and  the  deposition  of  HP1  at  a  euchromatic  locus  to  silence  gene  expression.  Since  these 
studies  define  the  machinery  utilized  by  ZBRK1  to  regulate  gene  expression,  current 
studies  are  focused  at  evaluating  the  role  of  KAP1:SETDB1:HP1  and  ZBRK1:BRCA1 
regulation  of  endogenous  target  genes  such  as  Gadd45  and  WAFl:p21  in  breast  tumors. 


